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ABSTRACT
The overall objective of this thesis was to determine the limitations of contemporary
Total Knee Arthroplasty (TKA) and to identify areas for future improvements. In line with this
objective, the first goal was to quantify the ability of current TKA systems to restore normal
knee kinematics and anatomy. Recently, proposals for gender specific TKA have generated
much controversy, with little scientific information being available to support or refute the need
for such implants. Therefore, a second goal of this thesis was to investigate similarities and
differences between male and female knee kinematics and anatomy, to determine if significant
benefits can be obtained by incorporating gender specific variations into TKA designs.
With regards to the first objective, significant differences were noted between the
trochlear groove geometry of standard TKA implant and the normal knee, which could lead to
non-physiologic patellar tracking post-TKA. Additionally, following TKA the knee joints were
overstuffed in flexion, which may in part be responsible for limited post-operative range of knee
flexion. Finally, standard TKA did not restore the kinematics of osteoarthritic knees towards
normal, and normal kinematics patterns such as posterior femoral translation and internal tibial
rotation were substantially reduced after TKA.
With regards to gender differences, majority of the tibiofemoral and all patellofemoral
kinematic parameters were similar between male and female knees. However, females had more
externally rotated tibia in early flexion and greater range of tibial rotation. This difference was
also associated with a more medially oriented patellar tendon in the coronal plane and more
externally twisted patellar tendon in the transverse plane, in females. Regarding knee anatomy,
the only gender difference was the narrower width of the femoral sulcus and lateral femoral
condyle in females. Thus, compared to differences between current TKA and the average normal
knee, these gender differences were relatively subtle. Therefore, the focus for future TKA
designs should be restoring the average normal knee biomechanics. Additionally, a greater range
of implant sizes may be desirable to accommodate morphological variations in the widths of
male and female knees.
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Chapter 1 - Introduction
1.1 Background and Objectives
The overall objective of this thesis was to determine the limitations of contemporary
Total Knee Arthroplasty (TKA) and identify areas of future improvements. In line with this
objective, the first goal was to quantify the ability of current TKA systems to restore normal
knee biomechanics.
With regards to the patellofemoral joint, several in vitro studies have shown significant
alterations in patellar tracking following TKA [1-4]. Due to the strong influence of the femoral
trochlear groove geometry on patellar tracking, it can be reasoned that the changes in patellar
tracking post-TKA are likely a result of differences in the geometry of the TKA and native
trochlear groove. However, little information is available in literature regarding the changes in
the effective geometry of the trochlea following TKA [5, 6]. While changes in patellar tracking
have also been noted in a few in vivo studies using fluoroscopy, these studies have been limited
to investigation of patellar motion in the sagittal plane only. This is because the patella is
blocked in other views by the metallic femoral component [7-9]. Thus, it has been difficult to
quantify changes in important patellar tracking parameters such as patellar tilt and mediolateral
patellar shift under in vivo conditions. However, it is possible to estimate the changes in these
kinematic variables by quantifying the correlation between 3D patellar tracking and trochlear
groove geometry in normal knees, and combining this information with knowledge about
changes in the trochlear groove geometry following TKA. Chapters 2 of this thesis discusses the
findings regarding correlation between 3D geometry of the femoral trochlea and in vivo patella
tracking. This is followed by Chapter 3, which discusses the changes in the trochlear geometry
following TKA and the implications for patellar tracking post-TKA.
With regards to the tibiofemoral joint, several studies have investigated in vivo
kinematics of normal and TKA knees, and conducted qualitative comparisons. Nonetheless, a
clear quantitative understanding of changes in knee kinematics following TKA has been missing.
This is because many studies relating to TKA biomechanics have reported only TKA kinematics
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using coordinate systems defined relative to the TKA components [10, 11], and they do not have
a corresponding normal control group with consistent coordinate systems. One of strongest
factors relating to limited range of knee flexion following TKA is the preoperative flexion of the
arthritic knee. In this context it can also be argued that the changes in knee kinematics following
TKA, may at least in part be related to the general changes in soft tissue structure due to the long
standing diseased state of the joint. However, the ability of contemporary TKAs in restoring the
kinematics of the osteoarthritic (OA) knees towards normal is not fully understood [12-14]. A
few intraoperative studies have compared the passive knee flexion kinematics before and after
TKA using surgical navigation systems [15, 16]. However, no study has quantified the ability of
current TKA systems in restoring the six degree-of-freedom (DOF) weight-bearing kinematics of
OA knees towards normal. Chapter 4 will present the results from this work relating to changes
in the in vivo kinematics of osteoarthritic knees following TKA, and the ability of current TKA
in restoring normal tibiofemoral kinematics.
Increasing the range of knee flexion following TKA remains an important objective for
design of new implants and advancement of surgical techniques. Numerous factors have been
linked to limited flexion (<1 15') following TKA, including patient factors such as preoperative
range of motion, intraoperative factors such as component malposition, and implant design
[17,18]. Extensor mechanism overstretching due to overstuffing of the knee joint is hypothesized
to be a contributing factor limiting knee flexion [17-19]. However, no study to date has
investigated the changes in in vivo tibiofemoral joint space post-TKA during weight-bearing
knee motion when the muscles are active. Chapter 5 will present the results of this thesis relating
to whether the tibiofemoral joint space measured in living subjects during weight-bearing knee
flexion, is restored to normal following TKA surgery.
Recently, proposals for gender-specific TKA implants have generated much controversy,
with little scientific information being available to support or refute the need for such implants
[20-22]. Therefore, a second goal of this thesis was to investigate similarities and differences
between male and female knee motion and knee anatomy. In particular, the effect of gender on
the six degrees-of-freedom (six-DOF) tibiofemoral and patellofemoral kinematics during weight-
bearing knee flexion has not been clearly delineated in literature. This knowledge is also
essential to understanding of mechanisms underlying well established gender related differences
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in certain knee injuries and pathology, such as anterior cruciate ligament injuries, recurrent
patellar dislocations and knee osteoarthritis [23-25]. Additionally, while previous studies have
looked at the effect of gender on various morphological parameters of the knee [22, 26], they
suffer from several limitations, particularly with regards to detailed characterization of the
complex 3D geometry of the trochlear groove. These limitations include use of skyline views /
2D projections leading to projection artifacts, and use of CT/radiographic images that do not
include the articular cartilage. Chapters 6 and 7 of this thesis will describe the findings regarding
tibiofemoral kinematics, patellofemoral kinematics and patellar tendon orientation in male and
female knees. Additionally, Chapter 8 will present detailed characterization of the bony and
cartilaginous geometries of the distal femur, including the trochlear groove, and the bony
geometry of the proximal tibia, in male and female knees.
Based on the understanding of the differences between TKA and average normal knee
biomechanics, and differences between male and female knee biomechanics, the final goal of
this thesis was to determine if any significant benefits can be obtained by incorporating gender
specific variations into TKA designs. The conclusion of the thesis regarding this, and a summary
of all findings will be presented in the final Chapter 9.
1.2 Organization of the thesis
This thesis is organized into 9 chapters. Chapter 2 investigates the correlation between
the 3D geometry of the femoral trochlear groove and the in vivo patellar tracking. Chapter 3
discusses the differences between the geometry of the trochlea following TKA and the
implications for patellar tracking post-TKA. Chapter 4 investigates the changes in the in vivo
kinematics of osteoarthritic knees following TKA, to quantify the ability of current TKA in
restoring normal tibiofemoral kinematics. Chapter 5 investigates whether the tibiofemoral joint
space measured in living subjects during weight-bearing knee flexion is restored to normal
following TKA surgery. Chapters 6 and 7 describe the findings regarding tibiofemoral
kinematics, patellofemoral kinematics and patellar tendon orientation, in male and female knees.
Chapter 8 presents detailed characterization of the bony and cartilaginous geometries of the
distal femur, including the trochlear groove, and the bony geometry of the proximal tibia, in male
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and female knees. Finally, Chapter 9 presents a summary of the findings of this thesis and the
implications for future direction of TKA design.
1.3 Dissemination of Research Findings
The findings of this thesis and related research have been communicated to the
orthopaedic community via the following journal articles, and conference presentations (talks
and poster presentations).
Journal Articles
1. Varadarajan KM, Freiberg AA, Gill TJ, Rubash HE, Li G. "Relationship between Three-
dimensional Geometry of the Trochlear Groove and In vivo Patellar Tracking during Weight-
bearing Knee Flexion", Journal of Biomechanical Engineering [under final review].
2. Varadarajan KM, Rubash HE, Li G, "Are Current TKA Implants Designed to Restore Normal
Trochlear Groove Geometry?", Journal of Arthroplasty [In press].
3. Yue B, Varadarajan KM, Moynihan AL, Liu F, Rubash HE, Li G. "Kinematics of Medial
Compartment OA Knees before and after Total Knee Arthroplasty", Journal of Orthopaedic
Research [under review].
4. Varadarajan KM, Gill TJ, Freiberg AA, Rubash HE, Li G. "Patellar Tendon Orientation and
Patellar Tracking in Male and Female Knees", Journal of Orthopaedic Research. 2009 [In press].
5. Yue B, Varadarajan KM, Ai S, Rubash HE, Li G. "Differences of Knee Anthropometry
between Chinese and Caucasian Men and Women", Journal of Arthroplasty. 2009 [In press].
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6. Moynihan AL, Varadarajan KM, Hanson GR, Park SE, Nha KW, Suggs JF, Johnson T, Li G.
"In vivo Kne Knematics during High Flexion after a Posterior-substituting Total Knee
Arthroplasty", International Orthopaedics. 2009 [In press].
7. Varadarajan KM, Rubash HE, Johnson T, Li G. "Can In vitro Systems Capture the
Characteristic Differences between the Flexion-extension Kinematics of the Healthy and TKA
Knee?", Medical Engineering and Physics. 2009; 31(8):899-906.
8. Varadarajan K.M., Gill T.J, Freiberg A., Rubash H.E., Li G., "Gender Differences in the
Trochlear Orientation and Rotational Kinematics of Human Knees", Journal of Orthopaedic
Research. 2009; 27(7):871-878.
9. Varadarajan KM, Moynihan AL, D'Lima D, Colwell CW, Li G. "In vivo Tibiofemoral
Contact Kinematics and Contact Forces of the Knee after Total Knee Arthroplasty During
Dynamic Weight bearing Activities", J Biomechanics. 2008; 41(10):2159-2168.
Conference Talks
1. Varadarajan K.M., Moynihan A.L., Seon J.K., Freiberg A., Rubash H.E., Li G., "Changes in
Tibiofemoral Joint Space following Total Knee Arthroplasty during Weight-bearing Knee
Motion", Proceedings of the ASME Summer Bioengineering Conference, Lake Tahoe, CA, Jun
2009 (1st Prize, PhD podium competition).
2. Moynihan A.L., Seon J.K., Varadarajan K.M. (presenter), Freiberg A., Rubash H.E., Li G.,
"Advanced Medial Osteoarthritic Knee Kinematics During Weight Bearing Flexion",
Proceedings of the 55th Annual Meeting of the Orthopaedic Research Society, Las Vegas, NV,
Feb 2009.
3. Varadarajan K.M., Moynihan A.L., D'Lima D., Colwell C.W., Rubash H.E., Li G., "In vivo
Tibiofemoral Contact Kinematics and Contact Forces During Dynamic Weight-bearing
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Activities Following Total Knee Arthroplasty", Proceedings of the ASME Summer
Bioengineering Conference, Marco Island, FL, Jun 2008.
4. Varadarajan K. M., Gill T.J, Freiberg A., Rubash H.E., Li G., "Gender Effect on In-vivo
Flexion-Extension Kinematics of the Knee", Proceedings of the 54th Annual Meeting of the
Orthopaedic Research Society, San Francisco, CA, Mar 2008.
Conference Poster Presentations
1. Varadarajan K.M., Freiberg A. A., Rubash H.E., Li G., "Characterization of Anterior Knee
Morphology in Male and Female Knees", Proceedings of the 55th Annual Meeting of the
Orthopaedic Research Society, Las Vegas, NV, Feb 2009.
2. Varadarajan K.M., Freiberg A. A., Gill T.J, Rubash H.E., Li G., "Patellar Tendon Orientation
and Patellofemoral Kinematics in Male and Female Knees", Proceedings of the 55th Annual
Meeting of the Orthopaedic Research Society, Las Vegas, NV, Feb 2009.
3. Moynihan A.L., Seon J.K., Varadarajan K.M., Freiberg A. A., Rubash H.E., Li G., "In vivo
Osteoarthritic Knee Kinematics During Weight-bearing Flexion", Proceedings of the Annual
Meeting of the American Academy of Orthopaedic Surgeons, Las Vegas, NV, Feb 2009.
4. Moynihan A.L., Seon J.K., Varadarajan K.M., Freiberg A., Rubash H.E., Li G., "The In vivo
Flexion-Extension Gap in TKA Under Weight Bearing Conditions", Proceedings of the 55th
Annual Meeting of the Orthopaedic Research Society, Las Vegas, NV, Feb 2009.
5. Varadarajan K.M., Freiberg A.A., Gill T.J., Rubash H.E., Li G., "Gender Differences in the
Kinematics and Morphology of the Knee", Proceedings of the ASME Summer Bioengineering
Conference, Marco Island, FL, Jun 2008 (2nd Prize, PhD Poster Competition).
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Chapter 2 - Relationship between Three-dimensional
Geometry of Femoral Trochlea and Patellofemoral
Kinematics
2.1 Introduction
The tracking of the patella within the femoral trochlear groove is controlled via complex
interactions between the articular geometry of the trochlea and patella [1], action of the
quadriceps muscles [2, 3], passive restraint of the retinacular structures [4, 5] and the motion of
the tibia relative to the femur [6-8]. While numerous studies have reported on patellar tracking,
few studies have examined the quantitative effect of trochlear groove geometry, in spite of the
general agreement regarding its major role in controlling patellar tracking and stability [4, 9].
Senavonge et al. measured lateral patellar restraining force before and after flattening the
lateral femoral facet, and compared its effect with a rupture of the medial retinaculum and
relaxation of the vastus medialis obliquus [10]. More recently, Amis et al simulated trochlear
dyplasia and a subsequent trochleoplasty to examine their effect on lateral patellar stability and
patellar tracking [11]. Jafari et al. used a two-dimensional transverse plane model of the
patellofemoral joint at 200 knee flexion to study the effect of a change in sulcus angle on patellar
shift and tilt [12]. To the best of our knowledge, the only biomechanical study that has quantified
the correlation between patellar tracking and trochlear groove geometry through the full range of
motion of the patella within the trochlear groove is an in vitro study by Ahmed et al [1].
However, the extent and nature of this correlation under in vivo conditions remains unclear.
Accurate knowledge of this correlation can help delineate the relationship between
morphological abnormalities of the trochlear groove, and patellar dislocations and maltracking
problems [11, 13, 14]. Surgical replacement of the patellofemoral compartment, such as during
total knee arthroplasty (TKA), has been shown to result in abnormal patellar tracking particularly
in association with femoral component malalignment [15-20]. Therefore, quantification of the
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correlation between trochlear groove geometry and in vivo patellar tracking can also enable
better understanding of the link between TKA design and the resulting patellar tracking patterns.
The aim of this study therefore, was to measure patellar tracking in living subjects during
weight-bearing knee flexion, and to quantify its relationship to the trochlear groove geometry of
the subjects' knees. A multivariate regression analysis was used to investigate the effect of three
trochlear geometry parameters, namely mediolateral location of the trochlear sulcus, trochlear
bisector angle and trochlear coronal plane angle, on each of three patellar tracking parameters,
namely patellar shift, patellar tilt and patellar rotation.
2.2 Materials and Methods
2.2.1 Subject Demographics
Twenty one subjects (10 male and 11 female) were recruited for this study following
approval by our institute review board, and informed consent was obtained from all subjects.
Only one knee from each subject was studied and the choice of side was made randomly (9 right,
12 left). There was no significant difference in the age of the male and female subjects (32.2 ±
7.1 yrs and 29.6 + 10.8 yrs, p = 0.51). All knees included in this study were healthy without any
symptoms of soft tissue injuries or osteoarthritis, as verified via clinical examination and MRI.
2.2.2 Capturing In vivo Patellar Tracking using Magnetic Resonance and
Dual Fluoroscopic Imaging
The motion of the patella relative to the femur was measured using a combination of
magnetic resonance (MR) and dual plane fluoroscopic imaging [21, 22]. The MR scans of each
knee were obtained using a 3.0 Tesla magnet (Siemens, Malvern, PA) and fat suppressed 3D
spoiled gradient-recalled sequence. Sagittal plane image slices (1 mm spacing, 512 x 512
resolution, 180 x 180 mm field of view) were then segmented within a 3D modeling software
(Rhinoceros@, Robert McNeel and Associates, Seattle, WA) to create 3D mesh models of the
femur and patella including the bone and articular cartilage [21, 22].
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Following the MRI, the subjects performed a single leg lunge with their knee in the field
of view of two orthogonally positioned fluoroscopes (BV Pulsera, Philips, Bothell, WA) [21,
22]. The subjects bent their knees through different flexion angles in approximately 150
increments from full extension to deep flexion. At each flexion angle, the subjects held their
position for a brief moment while the fluoroscopic images were captured. The 3D models of the
femur and patella were then imported into a virtual setup and matched to their projections on the
fluoroscopic images to recreate the in vivo patellar positions [21, 22]. The accuracy of the
combined MR and dual fluoroscopic imaging technique for measuring patellar translations and
rotations has been validated to be 0.1 ± 0.2 mm and 0.1 ± 0.3* [23].
2.2.3 Measurement of Patellar Tracking
The patella tracking was measured relative to the femur using coordinate systems
embedded in the distal femur and the patella [21, 23]. Two axes were defined on the femur, the
transepicondylar axis (TEA) and a line passing through the midpoint of the TEA, and parallel to
the femoral long axis. An orthogonal coordinate system was placed on the patella with the help
of a rectangular box fit around the patella [21, 23]. The mediolateral edge of the box was parallel
to a line joining the most prominent points on the medial and lateral edges of the patella. The
proximal-distal edge of the box was parallel to a line joining the inferior and superior poles of
the patella [21, 23]. The geometric center of the box was defined as the patellar center.
Next patellar shift, patellar tilt, and patellar rotation were measured. Patellar shift was
defined as the motion of the patella center along the femoral TEA. A lateral shift of the patella
was defined to be positive (Figure 2.1). Patellar tilt was defined as the angle between the medial-
lateral axis of the patella and the femoral TEA, projected onto a plane passing through the
femoral TEA and the location of the contact between the patella and the femur (Figure 2.2). The
contact location was determined as the centroid of the overlapping areas of patellar and femoral
articular cartilage [21]. Lateral tilt of the patella was defined to be positive. Patellar rotation was
defined as the angle between the medial-lateral axis of the patella and the femoral TEA,
projected onto a plane perpendicular to the previously defined plane passing through the femoral
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TEA and the patellofemoral contact location (Figure 2.3). Lateral rotation of the inferior patellar
pole was defined to be positive.
Patellar Shift (L+)
ation of
hlear sulcus
)
Figure 2.1: Schematic showing definition of patellar shift and mediolateral location of
trochlear sulcus.
Trochlear Bisector
Lateral
SPatellar
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Plane through TEA and
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location(A) (B)
Figure 2.2: (A) Schematic showing patellar tilt and trochlear bisector angle measured in
the plane shown in Fig. 2B (TEA = transepicondylar axis). (B) Schematic showing plane
passing through TEA and location of contact between patella and femur.
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Figure 2.3: Schematic showing patellar rotation measured in a plane perpendicular to that
passing through the TEA and the patellofemoral contact location, and coronal plane angle
of the trochlear groove measured at the patellofemoral contact location.
2.2.4 Measurement of Trochlear Groove Geometry
Three geometry parameters were measured at different locations on the trochlear groove,
namely the mediolateral location of the sulcus, the bisector angle and the coronal plane angle.
All parameters were measured using the MR image based 3D models of the femur, which
included the articular cartilage. A custom script was used to create cutting planes through the
trochlea, spanning the most proximal to the most distal extent of the articular cartilage (Figure
2.4). The cutting planes were rotated about the femoral TEA in -1 increments to create 81
cross-sections. Points representing intersection of the cutting planes and the femur were then
exported to a MATLABTM script for automatic measurement of the geometric parameters at each
cross-section. The trochlear bisector angle was defined as the angle of the line dividing the
trochlear sulcus into two equal halves, measured relative to the femoral TEA (Figure 2.2A). To
measure the trochlear coronal plane angle, the deepest points on the trochlear groove were
projected onto the coronal plane of the femur using a rollout projection [24]. A spline curve was
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fit to the projected points to form the trochlear line and the slope of this line was measured
relative to a line perpendicular to the TEA and was defined as the trochlear coronal plane angle.
Proximal point
Cutting
plane J
Bone
Cartilage TEA
Figure 2.4: MRI based 3D knee model sectioned using cutting-planes rotated about TEA (0
= orientation of cutting plane).
2.2.5 Data Analysis
For each subject, the patellar shift, tilt and rotation was measured corresponding to five
knee flexion angles between 300 and 1050. These patellar tracking parameters characterized the
out-of-plane (coronal and transverse plane) motion of the patella, which is what is generally
referred to in the context of maltracking. Each of the patellar tracking parameters was correlated
to mediolateral sulcus location, bisector angle and coronal plane angle, measured at the cross
section passing nearest to the corresponding patellofemoral contact centroid (Figure 2.2B, see
previous section). These trochlear geometry parameters characterized the shape of the trochlea in
the coronal and transverse plane. Data for all 21 subjects were pooled after adjustment for
differences in knee size, and stepwise multivariate regression analysis was performed in
TMSTATISTICAT. Statistical significance was set to be p < 0.05. The stepwise regression analysis
investigated the correlation of each patellar tracking parameter with all three geometric
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parameters in a stepwise manner, and retaining only parameters making significant contribution
to the regression.
2.3 Results
Prior to engagement with the trochlear groove, the patella shifted medially between 0'
and 300 knee flexion (Figure 2.5A). Beyond 300 flexion, the patella was fully engaged within the
trochlea and showed increasing lateral shift, closely following the pattern of increasing
lateralization of the sulcus (Figure 2.5B). The multivariate regression analysis also showed that
the patellar shift was most strongly correlated to the mediolateral location of the trochlear sulcus
(standardized regression coefficient pstan = 0.64, p <0.001), with a smaller contribution from the
trochlear bisector angle (pstan = 0.28, p <0.001). Together the mediolateral location of the
trochlear sulcus and the trochlear bisector angle resulted in a net correlation coefficient (R) of
0.86 (p<0.001). The regression equation indicated that for a fixed trochlear bisector angle, a 1
mm lateral shift of the trochlear sulcus would lead to 0.6 mm lateral patellar shift (raw regression
coefficient praw = 0.62, Figure 2.6). Similarly, for a fixed mediolateral location of the sulcus, a
10 increase in bisector angle would lead to 0.3 mm lateral patellar shift (praw = 0.31, Figure 2.6).
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Figure 2.5: (A) Lateral patellar shift as a function of knee flexion angle. (B) Mediolateral
location of trochlear sulcus (L+) measured at different locations on the trochlear groove.
The vertical dotted lines mark the region between 30* to 1050 knee flexion when the patella
is fully engaged within the trochlear groove.
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Figure 2.6: Correlation between lateral patellar shift and mediolateral location of the
trochlear sulcus and trochlear bisector angle (R = correlation coefficient). Black dots on
figure represent raw data, while the plane represents the multivariate regression. The
slopes of the regression plane (a/b, c/d) represent the raw regression coefficients (praw).
The patella tilted slightly medially between 00 and 300 flexion (Figure 2.7A), and beyond
30' flexion the patella tilted increasingly laterally, matching the increase in trochlear bisector
angle (Figure 2.7B). The multivariate regression analysis showed that the only variable
significantly affecting patellar tilt was the trochlear bisector angle (R = 0.45, p <0.001), with the
slope of the regression line indicating that an average 10 increase in bisector angle would lead to
a 0.6' increase in lateral patellar tilt (praw = 0.6, Figure 2.8).
Lateral patellar rotation decreased steadily between 0' and 105' flexion (Figure 2.9A).
This trend for patellar rotation paralleled the steady decrease in coronal plane angle of the
trochlear groove (Figure 2.9B). The multivariate regression analysis showed that the only
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variable significantly affecting patellar rotation was the coronal plane angle of the trochlear
groove. However, the statistical correlation was weak (R = 0.26, p = 0.01) , with only a 0.08*
increase in lateral patellar rotation for 1* increase in trochlear coronal plane angle (praw = 0.08,
Figure 2.10).
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Figure 2.7: (A) Lateral patellar tilt as a function of knee flexion angle. (B) Trochlear
bisector angle measured at different locations on the trochlear groove. The vertical dotted
lines mark the region between 300 to 105* knee flexion when the patella is fully engaged
within the trochlear groove.
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Figure 2.8: Correlation between lateral patellar tilt and trochlear groove bisector angle (R
= correlation coefficient). The slope of the regression line (0.6) represents the raw
regression coefficient (praw).
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Figure 2.9: (A) Lateral patellar rotation as a function of knee flexion angle. (B) Coronal
plane angle of trochlear groove measured at different locations on the trochlea. The
vertical dotted lines mark the region between 30* to 1050 knee flexion when the patella is
fully engaged within the trochlear groove.
Page 37 of 151
10-
I
(A)
dLw -
30 -
20 -
10-
0-
-10-
-20-
10
0
C
C.)
0
-30
(B) 20 30 40 500e max
(%)
mow
I ---I
Y
15
Y = 0.08*X + 2.0
10 R = 0.26, p 0.01
-4M3 2 -10 0 1 0 3 0 5
Trochlear Coronal Plane Angle (M+, deg) > X
Figure 2.10: Correlation between lateral patellar rotation and coronal plane angle of the
trochlear groove (R = correlation coefficient). The slope of the regression line (0.08)
represents the raw regression coefficient (praw).
2.4 Discussion
This study investigated the relationship between in vivo patellar tracking during weight
bearing knee flexion and geometry of the trochlear groove using a multivariate regression
analysis. In particular, the effect of trochlear sulcus location, bisector angle and coronal plane
angle, on patellar shift, tilt and rotation was analyzed. The geometric parameters were measured
using MRI based 3D models, which included the articular cartilage, thus overcoming the
limitation of CT based techniques. Furthermore, all geometric and kinematic parameters were
measured relative to cross-sections passing through the patellofemoral contact centroid, thus
avoiding the problem of projection artifacts associated with use of skyline views or 2D
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projections [13]. To the best of our knowledge, this is the first study to quantify the correlation
between patellar tracking and trochlear groove geometry under in vivo conditions.
Results of the study showed that the patellar shift was strongly correlated to the
mediolateral location of the trochlear sulcus (pstan = 0.64, p <0.001), with a weaker correlation
to the trochlear bisector angle (pstan = 0.28, p <0.001). This agrees with the in vitro results of
Ahmed et al. [1] in that they also showed a strong association between patellar shift and sulcus
location. However, our results showed that the trochlear bisector angle also has an important
effect on patellar shift although to a lesser extent compared to sulcus location. These results
indicate that the increasing lateral patellar shift with knee flexion beyond 30*, noted in several in
vivo and in vitro studies [6, 19, 23, 25], may be explained in part by the location and orientation
of the trochlear sulcus. Beyond 30' flexion, the patella is fully engaged with the trochlea and
follows the increasing lateral location and lateral tilting of the trochlear sulcus (increasing
bisector angle), resulting in the pattern of increasing lateral patellar shift (Figs. 2.5-2.7).
Significant correlation was also noted between patellar tilt and the trochlear bisector
angle (R = 0.45, fraw = 0.6). This was again in qualitative agreement with the in vitro results of
Ahmed et al [1]. Traveling along the trochlear groove from the proximal to distal direction, the
slope of the lateral femoral facet reduces relative to the medial femoral facet [26]. The relative
change in the slope of the medial/lateral femoral facets is characterized as an increase in the
trochlear bisector angle (Figure 2.7), and causes increasing lateral tilt of the patella as it travels
along the trochlear groove [6, 7, 25, 27].
In contrast to the other patellar tracking parameters, patellar rotation showed weak
correlation to its matching geometric parameter, namely the coronal plane angle of the trochlea
(R = 0.26, praw = 0.08). In their in vitro study Ahmed et al also noted that amongst the three out-
of-plane patellar tracking parameters; the patellar rotation was most weakly linked to the
trochlear groove geometry. This relatively weak correlation may be explained by the fact that the
congruency between the patellar and femoral surfaces in the coronal plane is relatively low.
Therefore, while the medial/lateral orientation of the trochlea tends to rotate the patella in the
same direction (Figure 2.9), the direction of quadriceps muscle force [1, 3], and tibiofemoral
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rotations also have major influence on patellar rotation [6-8]. The relatively weak correlation
between trochlear groove orientation and patellar rotation may also explain why femoral
component malposition in TKA has shown to have little impact on patellar rotation while having
a strong effect on patellar shift and tilt in the transverse plane [20, 27, 28].
Trochlear groove geometry therefore, has significant effect on transverse plane tracking
of the patella, and may explain the strong association between femoral component malalignment
and malracking of the patella in TKA. Several studies have shown that the patellar shift and tilt
follow the position of the femoral TKA component, with a medialization or lateralization of
component producing a medial/lateral patellar shift, and an external/internal rotation of the
femoral component causing a lateral/medial patellar shift and tilt [19, 20, 28-30]. Further,
Kessler et al. modeled the effect of femoral component rotation in fixed and mobile bearing TKA
and showed that the ability of the mobile bearing TKA to accommodate relative femorotibial
malalignment does little to restore normal patellar shift and tilt [30]. In clinical studies also
mobile bearing TKAs have not shown to reduce the incidence of lateral patellar tilt [31, 32]. This
highlights the importance of ensuring proper femoral component position in TKA to ensure
optimal location of the trochlear groove, thereby avoiding patella maltracking.
Manufacturers of TKA continue to explore new and improved component designs. For
example, recently gender specific TKAs have been proposed with changes to the coronal plane
angle of the trochlear groove [33]. However, the relationship between such design changes and
in vivo patellar tracking are not fully understood. Therefore the results of this study could serve
as a valuable reference for development of future TKA designs, by providing a quantitative
understanding of the relationship between trochlear groove geometry and patellar tracking.
Furthermore, this knowledge may have important implications for treatment of patellar
dislocations and maltracking problems related to morphological abnormalities of the trochlear
groove [11, 13, 14]. Recently, Yamada et al. showed significant differences in the geometry of
the trochlear groove between normal controls and patients with recurrent patellar dislocations
[13], and Amis et al. showed that trochleoplasty could be effective in restoring normal patellar
tracking [11]. However, it is unclear as to what amount of deviation of the trochlear geometry
from normal can lead to maltracking problems or the amount by which the geometry should be
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altered to correct the maltracking. The quantitative data presented in this study could serve as a
starting point for future investigations into these issues.
It is to be noted that the use of the multivariate regression allowed us to detect the effect
of trochlear sulcus location and bisector angle on patellar shift, while avoiding the limitation
associated with univariate analyses. Two separate univariate analyses, one between patellar shift
and sulcus location, and one between patellar shift and bisector angle also give similar
qualitative results, although with erroneous regression coefficients. In this case, the multivariate
regression coefficient for sulcus location was 0.62 and that for bisector angle was 0.31 (Figure
2.6). However, the univariate regression coefficient for sulcus location was 0.81 and that for
bisector angle was 0.78. This difference in regression coefficients arises from the inability of the
univariate analysis to recognize that the trochlear geometry data inherently includes variation in
both sulcus location and bisector angle.
A limitation of this study was that patellar tracking was investigated during one quasi-
static activity, and other dynamic activities such as walking, stair climbing etc. were not
investigated. However, the study of a single leg lunge activity allowed us to track patellar motion
along the entire length of the trochlear groove. A quasi-static study also has the advantage of
minimal motion artifacts and reduced radiation exposure compared to dynamic fluoroscopy.
In conclusion, this study used combined MR and dual fluoroscopic imaging to quantify
the relationship between trochlear groove geometry and in vivo patellar tracking during weight-
bearing knee flexion. The results of this study showed strong correlation between transverse
plane geometry of the trochlear groove (mediolateral location of trochlear sulcus and trochlear
bisector angle) and transverse plane motion of the patellar (patellar shift and tilt). However, in
the coronal plane patellar rotation was poorly correlated to its matching geometric parameter,
namely the coronal plane angle of the trochlea. These data could serve as a valuable reference for
TKA designers in terms of enabling an improved understanding of the link between specific
design changes and in vivo patellar tracking. Additionally, this knowledge may enable better
understanding of the effect of trochlear groove abnormalities on patellar tracking and improving
surgical treatments such as trochleoplasty.
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Chapter 3 - Are Current TKA Implants Designed to
Restore Normal Trochlear Groove Anatomy?
3.1 Introduction
While total knee arthroplasty (TKA) has proven to be a highly successful surgical
procedure, patellofemoral complications are commonly observed post surgery. These
complications include chronic pain, patellar subluxation, patellar tilt, patellar dislocation, patellar
component loosening, patellar component fracture and patellar component wear [1-4]. With
recent improvements in implant designs and surgical techniques, the reported complication rates
have reduced to 1-20% [5-8], down from 10-35% rate reported historically [9-11]. Nonetheless,
patellofemoral complications have been implicated as a major cause of revision surgeries [4, 7,
8, 12], with similar revision rates for TKAs with resurfaced and unresurfaced patella [13-16].
One of the key factors leading to patellofemoral complications is mal-positioning of the
TKA component [1, 3, 7, 17]. For example, Berger et al showed that small amounts of combined
femoral-tibial internal rotation correlated to lateral patella tracking and tilting, while large
amounts of rotation correlated to patellar dislocations and component failure [1]. Current
surgical protocol involves placement of the femoral TKA component in ~3* external rotation
relative to the posterior condylar line (in absence of significant condylar deficiencies) or in line
with the femoral transepicondylar axis (TEA). This allows both for a balanced flexion gap and
optimal patellar tracking [18-22]. It is somewhat surprising that the optimal rotational
positioning of the femoral component arose from the results of clinical and biomechanical
studies [18-22], rather than being directly provided by the implant manufacturers/designers.
Perhaps this indicates that the design of the patellofemoral compartment in TKA has been
developed somewhat independent of considerations regarding the effect of component
positioning, and surgical protocol has evolved to work with the given component design and to
optimize its performance. Nonetheless, biomechanical studies have shown that even the optimal
externally rotated position of the femoral component does not fully restore normal patellar
tracking [23-26]. This suggests that even with external rotation of the component, the TKA
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trochlear groove may be significantly different from the normal trochlea, and this in part may
explain why patellar tracking is not fully restored to physiologic values.
A review of literature showed that while there are many studies relating to patellar
kinematics in TKA knees and its relationship to femoral component position [23, 25-27], there is
little information regarding how the complex anatomy of the normal trochlea compares to that of
the TKA component [28, 29]. Additionally, it is well established that external rotation of the
femoral component improves patellar tracking. However, how this external rotation affects the
effective geometry of the trochlea is poorly understood. A detailed and quantitative knowledge
of the trochlear geometry in normal and TKA knees is critical for improvement of existing
implant designs, and for better understanding of relationship between femoral component
position and resulting patellar tracking patterns.
The present study aimed to provide this knowledge via investigation of two hypotheses:
(1) External rotation of the TKA component brings the trochlear groove closer to the normal
anatomy than no external rotation, and (2) Even with external rotation of the component, the
trochlear groove in current TKA is not designed to fully restore normal trochlear anatomy. These
hypotheses were investigated via a virtual TKA procedure to mount femoral components on to
3D models of healthy femur, followed by direct comparison of trochlear geometry before and
after simulated TKA.
3.2 Materials and Methods
3.2.1 Overview
In order to test the hypotheses discussed above, the trochlear geometry was first
measured using 3D models of normal femurs created from MRI scans of healthy subjects' knees.
Next, the trochlear geometry was re-measured following a virtual TKA procedure performed in a
solid modeling software to mount femoral TKA components on to the knee models in
accordance with standard surgical protocol, including 30 external rotation of the component
relative to the posterior femoral condyle. Additionally, the trochlear anatomy was also measured
with the femoral component aligned with the posterior condyle i.e. with no external rotation.
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Finally, a direct comparison of the trochlear groove anatomy before and after the simulated TKA
implantations was performed using paired t-test, with significance level set at p <0.05. The
virtual TKA procedure allowed for; (1) incorporation of surgical procedure that determines the
position and orientation of the implant and thereby has significant effect on the effective
geometry of the trochlea, and (2) a direct comparison of trochlear geometry before and after
TKA within the same knees, thus minimizing the effect of inter-specimen variations.
3.2.2 Subject Recruitment and Creation of 3D Femur Models
Twenty three subjects (12 male and 11 female) were recruited for this study following
approval by our institute review board, and informed consent was obtained from all subjects.
Only one knee from each subject was studied and the choice of side was made randomly (10
right, 13 left). There was no significant difference in the age of the male and female subjects
(33.0 t 7.3 yrs and 29.6 ± 10.8 yrs, p = 0.374). All knees included in this study were healthy
without any symptoms of soft tissue injuries or osteoarthritis, as verified via clinical examination
and MRI.
Magnetic Resonance (MR) scans of each knee were obtained using a 3.0 Tesla magnet
(Siemens, Malvern, PA) and fat suppressed 3D spoiled gradient-recalled sequence. Sagittal plane
image slices (1 mm spacing, 512 x 512 resolution, 180 x 180 mm field of view) were then
segmented within a 3D modeling software (Rhinoceros@, Robert McNeel and Associates,
Seattle, WA) to create 3D mesh models of the femur including the bone and articular cartilage
[30, 31].
3.2.3 Virtual TKA to Mount Femoral Component on Knee Models
The virtual TKA procedure was performed within the solid modeling software using
custom written programs to mount NexGen Cruciate Retaining (CR) and LPS femoral
components (Zimmer Inc, Warsaw IN) onto the 3D femur models. The NexGen CR and LPS
components had identical trochlear groove geometries except that the trochlea extended more
distally in the CR components. Therefore only the data for CR components is presented in the
results section. In coronal plane the femoral component was mounted with a 5' valgus angle
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relative to the axis of the distal femoral shaft (Figure 3.1A). In the sagittal plane the distal
femoral cut was made perpendicular to the shaft axis. The distal and posterior femoral cuts
equaled 9 mm, measured relative to the lateral femoral condyle, and matched the thickness of the
TKA component (Figure 3.1). The measurement of the bone cuts relative to the lateral condyle
was done to mimic the typical scenario of medial compartment arthritis where the cartilage
surface on the medial side is lost and the lateral compartment represents the intact side.
In the axial view, the TKA component was mounted first with a 30 external rotation
relative to the posterior condylar line and next with no external rotation i.e. aligned with the
posterior condylar line (Figure 3.1B). In mounting the femoral component in an externally
rotated position the posterior condylar line was used as a reference. While this is one of the
surgical landmarks defined in clinical literature, this landmark has been shown to be not as
reliable as the transepicondylar axis (TEA) in case of condylar deficiencies, particularly for
knees with valgus deformity [20, 22, 32]. However, the knee models used in this study were
healthy and did not have varus or valgus deformity. Additionally, the angle between TEA and
posterior condylar line for knees in this study was measured to be 3.1 ± 2.10, which agrees with
values reported in literature [22, 32]. In the mediolateral direction the femoral component was
positioned such that its center was located at the center of the resected distal bone surface.
Lateral
Lateral
Posterior Cut
Distal Cut 85-_E ......---- -
.. .... . . . . .. . 9 ...... ----.
........ ..................................................
(A) (B)
Figure 3.1: Schematic showing protocol followed during Virtual-TKA procedure to define
(A) Distal and (B) Posterior femoral cuts in coronal and axial planes of the femur,
respectively.
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Overall, the mounting protocol was similar to a measured resection technique with
posterior referencing. In situations where the anteroposterior size of the femur fell between
component sizes, the component closest to the femoral size was chosen. The exception was in
cases of excessive mediolateral overhang, where the smaller sized component was chosen. When
smaller sized component was used, notching of the anterior femur was avoided with the aid of
slight flexion (:53) and/or slight anterior shift (<2mm) of the femoral component if needed. A
trained orthopedic surgeon verified the mounting of the femoral TKA components.
3.2.4 Automated Measurement of Trochlear Groove Geometry
To measure the trochlear groove geometry, a custom written computer program was used
to create cutting planes through the distal femur spanning the most proximal point on the
mounted femoral TKA component (point A, Figure 3.2) to the most distal point on the femoral
intercondylar notch (point C, Figure 3.2). The cutting planes were rotated about the femoral
transepicondylar axis (TEA) to create 47 cross sections in ~2.3* increments. Points representing
intersection of the cutting planes and the femoral cartilage, and intersection of the cutting planes
and femoral component surface, were then exported to a MATLABTM based program for
automatic measurement of geometric parameters at each cross-section. The parameters measured
included the mediolateral location and anteroposterior height of the deepest point of the trochlear
sulcus, anteroposterior heights of the medial and lateral femoral condyles, and the trochlear
bisector angle (Figure 3.3).
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Cutting Proximal point
plane
TKA
Component
Bone
Cartilage
TEA
Omax
Distal point
Figure 3.2: Cutting-planes rotated about femoral transepicondylar axis (TEA) used to
section cartilage of normal knee and surface of TKA component (0 = orientation of cutting
plane). Point A represents 1st cutting plane (0 = 0*) through the femoral TKA component,
point B represents first section through the articular cartilage of the normal knee at which
trochlear sulcus becomes discernable, and point C represents the last section through the
femoral TKA component.
Page 50 of 151
Trochlear
bisector
angle
Medial Con yle
Condyle Height
Height K Sulcus ih
Cartilage / TKA HeightSurface
TEA
TEA i :
midpoint Sulcus MLLocation
Figure 3.3: Trochlear groove geometric parameters measured using custom written
MATLAB based program. AP = anteroposterior, ML = mediolateral and TEA =
transepicondylar axis.
3.3 Results
In general all measured geometric parameters showed substantial variation along the
trochlear groove, particularly for the normal knees prior to mounting of the TKA components
(Figs. 3.4-3.8). It is also to be noted that the TKA component extended more proximally than the
articular cartilage of the normal trochlea [28]. Therefore, while the TKA trochlear groove was
discernable from 00 (0/Omax %) 2 15.2%, the normal trochlear groove was discernable only for
0. 43.5% (point B, Figure 3.2).
Results of the study showed that the deepest point of the trochlear sulcus in both the
normal and TKA knees was located lateral to the TEA mid point (Figure 3.4). However,
significant differences were noted between sulcus location for normal knees and knees with
externally rotated TKA component (Figure 3.4). Proximally, between 0. = 43.5% and 58.7%, the
TKA sulcus was more lateral than in the normal knees (difference 0.6 - 3.5 mm, avg 2.0 mm, p <
0.034), and distally for 00 = 73.9% to 83.1% the TKA sulcus was more medial (difference 0.7 -
0.9 mm, avg 0.8 mm, p < 0.047). Additionally, while the normal knees showed a progressive
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lateralization of the sulcus over the proximal half of the trochlea, the TKA knees showed little
variation in sulcus location through the entire trochlear length. Failure to externally rotate the
femoral component shifted the sulcus medially, making the difference between TKA and normal
sulcus location (difference 0.5 - 2.0 mm, avg. 1.6 mm) more apparent over majority of the
trochlear length (0, = 54.4% to 97.8%).
0* =30*
.. . .. .) . .... .
~105*
+ CR TKA (3 deg)
-3- CR TKA (0 deg)
-4- Cartilage
*
0 20 40 60
0 / Omax (%)
Figure 3.4: Mediolateral (ML) location of deepest point of trochlear sulcus at different
locations along the trochlear groove. Point B marks first cross-section at which the
trochlear groove of the normal femur is definable, and Point C marks the most distal point
on the femoral intercondylar notch. (*) Indicates significant difference between geometry
of normal trochlea (Cartilage), and that for TKA with 30 external rotation (CR TKA (3
deg)). CR TKA (0 deg) refers to data for TKA mounted with no external rotation, and
vertical lines represent one standard deviation. Approximate patellofemoral contact
locations at 00, 300 and 105* knee flexion are indicated with vertical dotted lines.
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Both the normal and TKA knees showed a progressive decrease in anteroposterior sulcus
height from proximal to distal location on the trochlea (Figure 3.5). However, significant
differences were noted between sulcus height in normal knees and in knees with externally
rotated TKA component. Proximally between 00 = 43.5% and 82.6%, the TKA sulcus height was
smaller than in the normal knees (difference 0.7 - 4.1 mm, avg 3.1 mm, p < 0.013), and distally
from 00 = 89.1% to 100%, the TKA sulcus height was larger than in normal knees (difference 0.6
- 3.4 mm, avg 2.0 mm, p < 0.02). Failure to externally rotate the femoral component reduced the
TKA sulcus height further by a small amount (<1 mm).
=w0* =NO30* =105*
45
B -- CR TKA (3 deg)
-u- CR TKA (0 deg)
E 40 -
E -+- Cartilage
C
.4 35-
0
< 30-
0 25-
*
20
0 20 40 60 80 100
Smax (%)
Figure 3.5: Anteroposterior (AP) height of deepest point of trochlear sulcus measured at
different locations along the trochlear groove. Point B marks first cross-section at which
the trochlear groove of the normal femur is definable, and Point C marks the most distal
point on the femoral intercondylar notch. (*) Indicates significant difference between
geometry of normal trochlea (Cartilage), and that for TKA with 3* external rotation (CR
TKA (3 deg)). CR TKA (0 deg) refers to data for TKA mounted with no external rotation,
and vertical lines represent one standard deviation. Approximate patellofemoral contact
locations at 0*, 30* and 105* knee flexion are indicated with vertical dotted lines.
Page 53 of 151
Tochlear bisector angle showed a progressive decrease from proximal to distal location
along the trochlea in both normal and TKA knees (Figure 3.6). However, the pattern of change
was different, with the TKA knees showing a steady reduction in bisector angle, while the
normal knees showed a sharp initial decrease followed by a near constant value, and further
decrease towards the distal end of the trochlea. While the normal knees and knees with externally
rotated TKA component showed similar bisector angles over a substantial length of the trochlea
(0, = 58.7% to 89.1%), significant differences were noted at the proximal and distal extremes.
Proximally for 00 = 43.5% to 56.5%, the TKA knees showed smaller values of bisector angle
(range 0.8 - 4.40, avg 2.40, p < 0.018), and distally between 00 = 93.5% and 100% (range 1.1 -
2.50, avg 1.7', p < 0.034), the TKA knees showed larger values. Failure to externally rotate the
TKA component reduced differences in bisector angle proximally, but increased the differences
over the central and distal portions, tilting the trochlear groove more medially (Figure 3.6).
Significant differences were also noted between medial/ lateral condyle heights of normal
knees and TKA mounted with 30 external rotation (Figure 3.7, Figure 3.8). In general the
condyles, particularly the lateral condyle, were higher in normal than in TKA knees. Proximally
between 00 = 43.5% and 82.6%, the TKA knees had smaller lateral condyle height (difference
0.8 - 5.9 mm, avg 3.6 mm, p < 0.013), and distally from 0 = 95.5% to 100% the TKA knees had
slightly larger lateral condyle height compared to normal knees (difference 0.9 - 1.1 mm, avg 1.0
mm, p < 0.003, Figure 3.7). Additionally, between 00 = 43.5% and 73.9% the TKA knees had
smaller medial condyle height compared to normal knees (difference 0.8 - 2.5 mm, avg 1.8 mm,
p < 0.012, Figure 3.8). Failure to externally rotate the femoral component had negligible effect
on lateral condyle height; however the TKA medial condyle height was reduced significantly,
thereby increasing the difference between TKA and normal knees (difference 1.0 - 4.2 mm, avg
2.5 mm).
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Figure 3.6: Trochlear bisector angle measured at different locations along the trochlear
groove. Point B marks first cross-section at which the trochlear groove of the normal femur
is definable, and Point C marks the most distal point on the femoral intercondylar notch.
(*) Indicates significant difference between geometry of normal trochlea (Cartilage), and
that for TKA with 30 external rotation (CR TKA (3 deg)). CR TKA (0 deg) refers to data
for TKA mounted with no external rotation, and vertical lines represent one standard
deviation. Approximate patellofemoral contact locations at 0*, 300 and 1050 knee flexion
are indicated with vertical dotted lines.
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Figure 3.7: Anteroposterior height of lateral condyle measured at different locations along
the trochlear groove. Point B marks first cross-section at which the trochlear groove of the
normal femur is definable, and Point C marks the most distal point on the femoral
intercondylar notch. (*) Indicates significant difference between geometry of normal
trochlea (Cartilage), and that for TKA with 30 external rotation (CR TKA (3 deg)). CR
TKA (0 deg) refers to data for TKA mounted with no external rotation, and vertical lines
represent one standard deviation. Approximate patellofemoral contact locations at 00, 300
and 1050 knee flexion are indicated with vertical dotted lines.
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Figure 3.8: Anteroposterior height of medial condyle measured at different locations along
the trochlear groove. Point B marks first cross-section at which the trochlear groove of the
normal femur is definable, and Point C marks the most distal point on the femoral
intercondylar notch. (*) Indicates significant difference between geometry of normal
trochlea (Cartilage), and that for TKA with 30 external rotation (CR TKA (3 deg)). CR
TKA (0 deg) refers to data for TKA mounted with no external rotation, and vertical lines
represent one standard deviation. Approximate pateliofemoral contact locations at 00, 30*
and 1050 knee flexion are indicated with vertical dotted lines.
3.4 Discussion
The current study presented a detailed comparison of the complex three-dimensional
geometry of the trochlear groove in normal and TKA knees (NexGen CR and LPS, Zimmer Inc,
Warsaw IN, USA). This was accomplished via a virtual TKA procedure to mount femoral
components on to 3D models of healthy femurs, followed by measurement of the trochlear
geometry before and after the simulated TKA using custom computer programs. The results of
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the study confirmed our hypothesis that (1) external rotation of the TKA component brings the
trochlear groove closer to the normal anatomy than no external rotation; (2) however, even with
external rotation the trochlear groove in current TKA is not designed to exactly restore normal
anatomy.
It is to be noted that all measured parameters changed substantially from proximal to
distal location on the trochlea, thus highlighting the importance of characterizing trochlear
geometry along its entire length. Additionally, all measurements were made using cross-sections
of the 3D knee and TKA models, thus avoiding projection artifacts associated with use of skyline
views or 2D projections [33].
Results of the study showed significant differences between mediolateral position of the
trochlear sulcus in normal knees and in knees with externally rotated TKA component. Over the
proximal 27% of the trochlea, the sulcus in TKA knees was on an average 2 mm more lateral
than in normal knees. Distally, the sulcus in TKA knees was slightly medial relative to its
position in normal knees (avg. difference 0.8 mm). Barink et al. measured coronal plane
orientation of the trochlea and showed that proximally the trochlea was oriented medially in
normal knee, and neutrally in the TKA component (CKS CR, Biomet, Warsaw IN, USA) [28,
34]. Similar results were noted in this study, with the TKA sulcus showing little variation in
mediolateral position from proximal to distal direction (Figure 3.4). Meijerink et al. compared
the normal and prosthetic sulcus at the most distal point on the femoral notch and found the
sulcus in TKA (LCS and PFC, DePuy, Warsaw, IN, USA) to be located medially (avg 2.5mm).
This is again in agreement with our results, although the difference in distal sulcus location of
normal and TKA knees was smaller in our study [29].
Changes in sulcus location following TKA can have profound effect on patellar tracking
[35]. Barink et al. noted a the trend towards lateral tracking of the unresurfaced TKA patella
(Continuum Knee System, Biomet/STRATEC, Warsaw, IN, USA) in early flexion and
significant medial patellar tracking between 65-90" knee flexion, compared to intact knees [25].
Ostermeier et al. noted that at low flexion the unresurfaced patella was shifted significantly
laterally in TKA knees (Interax, Stryker/Howmedica, Limerick, Ireland) compared to intact
knees [26]. Tanzer et al noted lateral tracking in early flexion for 3 (AMK, MGII and PFC
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prostheses) of 5 implant systems [24]. These changes in tracking of the unresurfaced patella may
be related to changes in sulcus location following TKA, as observed in the current study.
If the TKA component was not externally rotated, then the sulcus was located ~1.6 mm
medial to its position in normal knees over 77% of the trochlear groove length (Figure 3.4).
Thus, failure to rotate the component externally leads to differences in sulcus location over a
greater proportion of the trochlear groove length. This medial shift of the sulcus could explain
the medial shift of the patella when the TKA component is positioned parallel to the posterior
condyle [23, 27, 36, 37], and the associated increase in laterally directed force on the patella
[36]. Therefore, while external rotation of the TKA component did not fully restore normal
sulcus location, it minimized the overall change in sulcus position and may be beneficial for
minimizing laterally directed forces on the patella.
Significant differences were also noted in the anteroposterior height of the sulcus in
normal and TKA knees. Over 70% of the trochlear groove length, the sulcus height in TKA
knees was less than in normal knees (avg difference 3mm, Figure 3.5). The general implications
of this difference for the sagittal plane biomechanics of the TKA are unclear, although it could
affect knee flexion moment and patellofemoral joint forces. In studies by Ostermeir et al., Tanzer
et al. and Barink et al., patellar anteroposterior translation and flexion did not show any
statistically significant difference between TKA (unresurfaced patella) and normal knees [24,
26]. Therefore, the anteroposterior sulcus height could be different among different implant
systems. Failure to externally rotate the component decreased the anteroposterior height of the
TKA sulcus by a relatively small amount (< 1mm).
Orientation of the trochlear groove in the transverse plane as characterized by the
trochlear bisector angle was similar between the normal knees and knees with externally rotated
TKA over the central 70% of the trochlea (Figure 3.6). However, significant differences were
noted over the proximal (avg difference 2.40), and distal (avg difference 1.70) ends of the
trochlea. The transverse plane orientation of the trochlear groove has a strong effect on patellar
tilt [35]. Therefore, abnormal patellar tilt could occur at early and/or deep flexion in TKA due to
differences in the bisector angle at these positions. For example, Barink et al found the
unresurfaced patella to be more laterally tilted in TKA knees (CKS prosthesis) from 10 * to 450
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flexion [25]. Tanzer et al noted medial tilt in two TKA designs from 600 to 1050 (IB II
prosthesis) and 90* to 105* flexion (PFC prosthesis), and in one design (Ortholoc prosthesis)
between 15* and 1050 flexion, compared to normal knees [24]. However, Ostermeir et al did not
see any difference in tilt of unresurfaced patella in TKA (Interax prosthesis) compared to normal
knees [26].
Failure to externally rotate the TKA component reduced differences in bisector angle
proximally, but increased the differences over the central and distal portions, tilting the trochlear
groove more medially (Figure 3.6). This could explain the increase in medial patellar tilt when
the TKA component is positioned parallel to posterior condyle [27, 36, 37], and the associated
increase in laterally directed force due to increased lateral constraint [36, 38]. Thus, while
external rotation of TKA component did not fully reproduce normal trochlear orientation in the
transverse plane, it minimized the difference over majority of the trochlear groove length and
may be beneficial for minimizing laterally directed forces in this TKA design.
In general the anterior condyles, particularly the lateral condyles, were higher in normal
knees than in knees with externally rotated TKA component (avg 3 mm lateral side, avg 1.8 mm
medial side). The larger difference on the lateral side was a result of the external rotation of the
femoral component. Failure to externally rotate the component had negligible effect on lateral
condyle height but significantly reduced the medial condyle height (avg. reduction 1.7 mm).
Thus, while external rotation of TKA component did not reproduce normal condyle heights, it
minimized the difference particularly on the medial side.
Much of the above discussion relating to the changes in patellar tracking post-TKA
during active knee flexion-extension is based on results of in vitro studies. This is because, while
changes in patellar tracking have also been noted in a few in vivo studies using fluoroscopy,
these studies have been limited to investigation of patellar motion in the sagittal plane as the
patella is blocked in other views by the femoral component [12]. Thus, it has been difficult to
quantify changes in important patellar tracking parameters such as patellar tilt and mediolateral
patellar shift under in vivo conditions. However, it is possible to estimate the changes in these
kinematic variables by using the correlation between 3D patellar tracking and trochlear groove
geometry in normal knees presented in Chapter 2, and combining this information with
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knowledge about changes in the trochlear groove geometry following TKA. Based on this, with
the current TKA system patellar shift would change by 0.6 - 3.5 mm and patellar tilt would
change by 0.5 - 2.6*, post-TKA compared to normal values during the full range of knee flexion.
An important limitation of this study is that only two particular designs of the TKA
component from one major manufacturer was tested (NexGen CR and LPS, Zimmer Inc,
Warsaw, IN) and therefore the results many not be generalizable to all designs [39]. However,
these implant systems are few of the widely used systems currently on the market, and the
technique presented in this study can be readily applied to analyze other implant designs. It is
also important to note that interpretations of the results for TKA patellar tracking are more
applicable to TKA with unresurfaced patella. For TKA with resurfaced patella, the placement
and geometry of the patellar button may have significant effect on resulting patellar tracking [26,
40]. It is also to be noted that the bone cuts were measured relative to the lateral condyle surface
in order to mimic the typical scenario of medial compartment arthritis where the cartilage surface
on the medial side is lost and the lateral compartment represents the intact side. The results
presented herein may vary if the bone cuts were made relative to the medial condyle surface.
Similarly, results may change with other variations in surgical placement of the femoral
component such as changes in valgus angle of the component from the 5" angle used herein,
placement of the component in the mediolateral direction to match the edge of the resected
antero-lateral femoral surface instead of placement at the center of the distal resection, and the
amount of external femoral component rotation.
In conclusion, this study presented a detailed comparison of the three-dimensional
geometry of the trochlear groove in normal and TKA knees. This was accomplished via a virtual
TKA procedure to mount femoral components on to 3D models of healthy femurs, followed by
measurement of the trochlear geometry before and after the simulated TKA. The results showed
that for the particular implant designs investigated in this study (NexGen CR and LPS, Zimmer
Inc); (1) external rotation of the component brought the trochlear groove closer to the normal
anatomy than no external rotation; (2) however, even with external rotation the trochlear groove
in the current TKA only partially restored normal anatomy. This suggests that current TKA may
not be designed to fully restore or replicate normal trochlear groove anatomy, and other
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considerations such as minimizing patellofemoral contact forces [41], and ensuring capture of
patella in early flexion [28], may guide the design decisions. Therefore, surgeons should be
aware that manufacturer's definition of anatomic groove geometry may not imply exact
replication of normal anatomy, and exact restoration of physiologic patellar tracking may not be
feasible with current designs. Further work is needed to determine if this compromise may be
responsible for observed patellar complications, and how implant designs can be modified to
obtain improved performance.
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Chapter 4 - Kinematics of Knees with Medial Compartment
Osteoarthritis before and after TKA
4.1 Introduction
Total knee arthroplasty (TKA) has been reported to have excellent outcomes with regards
to long-term survivorship and pain relief [1, 2]. Nonetheless, loss of deep flexion capability,
patellofemoral joint complications, and polyethylene wear remain common postoperative
problems in TKA [3-5]. These have been linked at least in part to the changes in knee kinematics
following TKA. Numerous in-vitro and in-vivo studies have reported abnormal knee kinematics
post TKA, including paradoxical anterior femoral motion and decreased internal tibial rotation
during knee flexion [6-12]. Some recent TKA design concepts are attempting to address these
kinematic abnormalities with motion guiding features, with the additional objective of improving
post-operative range of knee motion [13].
Although several studies have investigated in vivo kinematics of normal and TKA knees,
and conducted qualitative comparisons, a quantitative understanding of the changes in knee
kinematics following TKA has been missing. This is because many studies relating to TKA
biomechanics have reported only TKA kinematics using coordinate systems defined relative to
the TKA components [6, 8], and do not have a corresponding normal control group with
consistent coordinate systems. One of strongest factor relating to limited range of knee flexion
following TKA is the preoperative flexion of the arthritic knee. In this context it can be argued
that the changes in knee kinematics following TKA at least in part may be related to the changes
in soft tissue structure due to the long standing diseased state of the joint. However, the ability of
contemporary TKAs in restoring the kinematics of the OA knees towards normal is not fully
understood [9, 14, 17, 18]. A few intraoperative studies have compared the passive knee flexion
kinematics before and after TKAs using surgical navigation systems [9, 19, 20]. However, no
study has quantified the ability of current TKA systems in restoring the six degree-of-freedom
(DOF) weight-bearing kinematics of OA knees towards normal.
Page 66 of 151
The present study compared in vivo knee kinematics before and after cruciate-retaining
TKA for patients with pre-operative medial compartment OA, to that of a group of healthy
control subjects using consistent coordinate systems. Specifically, the following were examined:
(1) How medial compartment OA affects the knee kinematics during weight-bearing flexion; (2)
How the knee kinematics is changed as a result of TKA; and (3) If TKA restores the OA knee
kinematics towards normal.
4.2 Methods
4.2.1 Subject demographics
Eleven patients with end-stage, non-inflammatory, non-traumatic OA in the medial
compartment in one knee were recruited in this study (Table 4.1). Twenty-two healthy subjects
from our previous investigations were also included in the study as normal control [21]. The OA
patients were recruited from the practice of a single surgeon. Prior to the study, Institutional
Review Board approval and informed patient consent were obtained. Before scheduled
operation, magnetic resonance (MR) scans of each OA knee were obtained using a 3.0 Tesla
magnet (Siemens, Malvern, PA) and fat suppressed 3D spoiled gradient recalled sequence [21].
Sagittal plane image slices (1 mm spacing, resolution of 512 x 512 pixels, field of view 180 x
180 mm) were then segmented using a 3D modeling software (Rhinoceros@, Robert McNeel and
Associates, Seattle, WA) to construct 3D models of the knee, including the tibia and femur [21].
The OA patients then performed a weight-bearing single leg lunge from full extension to
maximal flexion within the field of view of two orthogonally placed fluoroscopic systems
(Figure 4.1A). During the single leg lunge activity, the subject positioned the OA knee in the
field of view of the two fluoroscopes and their feet and torso oriented towards the intersection of
two image intensifiers [21]. The subjects were instructed to support their body weight on the leg
being studied, but they were allowed to use the contra lateral leg and handrails for balance. The
two fluoroscopes captured the knee positions at -15' increments (monitored using a goniometer)
from full extension to maximal flexion without altering the orientation of their feet and torso. At
each target flexion angle, the subjects held their knee position for about two seconds while the
fluoroscopic images were captured.
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All the OA knees received a high-flexion posterior cruciate-retaining TKA (NexGen CR-
Flex, Zimmer, Warsaw, Indiana). The TKA surgeries were performed by the same surgeon
following standard procedures. Briefly, the femoral cuts were performed first with the aid of an
intramedullary guide to determine varus-valgus alignment, and the epicondylar axis was
referenced for rotational alignment. In the mediolateral direction, the femoral component was
placed at the middle of the distal resected bone surface. The tibial cut was then made with a
posterior slope of 7' with the use of an extramedullary system, with the tibial crest and the center
of the tibial plateau used as reference points. The tibial component was aligned with the junction
of the medial and middle thirds of the tibial tubercle. In all instances, the posterior cruciate
ligament was retained. All patients were called back for postoperative tests at least 6 months
after surgery (average 8 ± 2.5 months; range, 7-15 months). All patients were evaluated as
clinically successful with no ligamentous laxity or pain. The in vivo kinematics during weight-
bearing knee flexion was obtained again using the same dual fluoroscopic imaging technique.
Table 4.1: Demographics of medial compartment OA patients and healthy control subjects.
OA patients Healthy controls
Age (years) 64± 7 31.4± 9.3
Weight (lbs) 208.2± 31.9 166.9± 31
Height (in.) 68.3± 3.9 67.9± 4.1
Gender (F/M) 4/7 10/12
Side (L/R) 6/5 12/10
4.2.2 Measurement of in vivo tibiofemoral kinematics
The fluoroscopic images were imported into Rhino software to establish a virtual
fluoroscopic setup (Figure 4.1B) [21]. Next, the 3D MR image-based models of the tibia and
femur were imported into the software. The models were then individually manipulated in six-
Page 68 of 151
DOF, until they matched their projections on the dual fluoroscopic images captured during the
actual weight-bearing activity (Figure 4. 1B). Thus, the in vivo knee motion was represented by a
series of 3D knee models at different flexion angles [21]. For measurement of knee kinematics
after TKA, the same preoperative knee models were used in the determination of the knee
kinematics.
Figure 4.1: (A) Patient performing the single leg lunge within the field of view of two
orthogonally placed fluoroscopes. (B) The virtual environment used to reproduce the knee
joint kinematics of the subjects.
Six-DOF kinematics of the tibiofemoral joint was directly obtained from the series of 3D
knee models, using the coordinate systems embedded in the distal femur and proximal tibia
(Figure 4.2) [21, 22]. The tibial long axis passed through the middle of the tibial spines and was
oriented parallel to the posterior wall of the tibial shaft in the sagittal plane. In the coronal plane
it was angled equally with respect to the medial and lateral edges of the tibial shaft. An
orthogonal coordinate system was placed on the tibia with the mediolateral axis obtained by
projecting a line passing through the centers of the medial and lateral tibial plateaus onto a plane
perpendicular to the tibial long axis. The center of the medial/lateral tibial plateau was defined as
the centroid of the closed curve formed by tracing the edges of the plateau. The midpoint of the
tibial mediolateral axis was defined as the origin of the tibial coordinate system. The proximal-
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distal axis of the tibia was parallel to tibial long axis. The tibial anteroposterior axis was defined
to be perpendicular to the tibial mediolateral and proximal-distal axes. For the femur, two axes
were defined, the transepicondylar axis and the femoral long axis. The femoral long axis was a
line passing through the midpoint of the transepicondylar axis, and parallel to the femoral shaft.
In the sagittal and coronal planes the femoral long axis was angled equally with respect to the
anterior/posterior and medial/lateral edges of the femoral shaft, respectively.
,Femoral tong axis
Medial
Tibial ML
axis
Anterior, OA knee
Normal knee TKA knee
Figure 4.2: The coordinate systems used to describe knee kinematics. The kinematics of the
OA knees, TKA knees and normal knees were analyzed under the consistent coordinate
systems embedded in the bones.
Knee flexion was defined as the angle between the femoral and tibial long axes projected
onto the tibial sagittal plane. Internal-external rotation of tibia was defined as the angle between
the transepicondylar axis and the tibial mediolateral axis, projected onto the transverse plane of
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the tibia [21, 22]. Varus-valgus rotation was defined as the angle between the transepicondylar
axis and the tibial mediolateral axis, projected onto the coronal plane of the tibia. Flexion,
internal tibial rotation and varus rotation were defined to be positive. The midpoint of the
transepicondylar axis was used to measure femoral translations in the anteroposterior and
mediolateral directions with respect to the tibial coordinate system. Anterior and medial femoral
translations were defined to be positive. Additionally, in the TKA knees the distance between the
medial edge of the tibial bone surface and the medial edge of the tibial component was measured
(the lateral shift of the tibial component) (Figure 4.3).
Figure 4.3: The anteroposterior radiograph and 3D models of a TKA knee. Note that the
tibial component is lateralized.
4.2.3 Statistical analysis
Two-way analysis of variance (ANOVA) followed by post hoc Newman-Keuls test was
used to detect the significant differences in anteroposterior, mediolateral, internal/external, and
varus/valgus motions between the groups (OA knees, TKA knees, and normal knees). A p-value
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of less than 0.05 was considered to be significant. T-test was used to compare the overall axial
tibial rotation and anteroposterior femoral translation between the groups.
4.3 Results
In the OA patients, the weight-bearing ROM of the knee was 102.8 ± 22.30 before TKA,
and 101.7 ± 15.1' after TKA. At full extension, the femur of the OA knee was located more
posterior relative to the tibia than the normal knee (3.3 ± 4.5 mm vs. 0.2 ± 2.4 mm, p < 0.01)
(Figure 4.4A). During flexion the femurs of both OA knees and healthy knees translated
posteriorly, but the overall posterior femoral translation of the OA knees (12.6 ± 4.2 mm) was
significantly smaller than that of the normal knees (18.1 ± 2.5 mm, p < 0.01). After TKA, the
femur was located significantly more posteriorly (7.4 ± 3.3 mm) compared to both the OA knees
before operation and the normal knees. During flexion, the TKA knees showed anterior femoral
translation until approximately 400 of flexion and posterior femoral translation thereafter. The
overall posterior femoral translation of the TKA Knees (6.0 ± 2.8 mm) was significantly smaller
than either the OA knees before operation (p < 0.01) or the normal knees (p < 0.01).
In the mediolateral direction, the femurs of OA and normal knees maintained a constant
medial position relative to the tibia during the entire flexion range (Figure 4.4B). The femur of
OA knees was located more medially than the normal knees between 30* and 60* of flexion
(p<0.05). However, after TKA the femur was shifted laterally throughout the range of knee
flexion. This lateral femoral shift of TKA knees was about 9 mm compared to the OA knees, and
6 mm compared to the normal knees. The distance between the medial edge of the tibial
component and the medial edge of the tibial bone surface was 6.0 ± 2.8 mm.
Page 72 of 151
20t$
c14-
12
0
c_
0
0. 
--*-Preo" -S-Posop -*-Nomal-
.4
-6-
0 16 30 45 60 75 90 105
a
14
2
28- A
IT-
--
-
T T
0 16 30 45 60 75 90 105
b Flexion angle (Degrees)
Figure 4.4: Anteroposterior (A) and mediolateral (B) femoral translation during weight-
bearing flexion in OA knees, TKA knees and normal knees. * Pre vs. Post; t Pre vs.
Normal; ! Post vs. Normal, P<0.05.
The magnitude of internal tibial rotation during early knee flexion (full extension to 300
flexion) was similar between the OA (5.2 ± 5.1*) and normal knees (7.2 ± 4.60, p > 0.05) (Figure
4.5A). The overall internal tibial rotation (from full extension to maximum flexion) of the OA
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and normal knees were also similar (8.2 ± 5.7* for OA knees and 10.8 ± 4.6* for normal knees, p
> 0.05). After TKA, the internal tibial rotation was -0.1 ± 1.9' as the knee flexed from full
extension to 300 of flexion. The overall internal tibial rotation decreased to 3.4 + 6.0', which was
significantly smaller than those of the OA (p < 0.01) and normal knees (p < 0.01). Regarding
varus/valgus rotation, the normal knees were in neutral position at full extension, while the OA
knees showed 1.9 ± 2.8' of varus rotation (Figure 4.5B). During flexion, the varus/valgus
rotation of the normal knees ranged from neutral to slight varus. The varus rotation of the OA
knees decreased at greater knee flexion angles. Following TKA the knees had 3.1 ± 2.40 of
valgus rotation at full extension, but it changed to slight varus rotation with further flexion.
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Figure 4.5: Internal/external tibial rotation (A) and varus/valgus knee rotation (B) during
weight-bearing flexion in OA knees, TKA knees and normal knees. * Pre vs. Post; t Pre vs.
Normal; $ Post vs. Normal, P<0.05.
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4.4 Discussion
This study evaluated the kinematics of the knee with medial compartment OA before and
after TKA, and compared them to those of the normal knees. The data indicated that the OA
knees were similar to the normal knees in terms of internal/external tibial rotation during weight
bearing knee flexion. However, the OA knees had less posterior femoral translation, more medial
femoral shift, and more varus rotation at low flexion angles, compared to the normal knees. After
TKA, though the preoperative varus alignment was improved, the knee kinematics could not be
restored towards those of normal knees. The internal tibial rotation and posterior femoral
translation were dramatically reduced when compared to the OA and normal knees. Additionally,
TKA introduced an abnormal anterior femoral translation during early knee flexion, and a fixed
amount of lateral femoral shift throughout the weight-bearing flexion.
Physiologic posterior femoral translation has been thought to help clear the posterior
aspect of the knee thus enhancing knee flexion [13]. Our study showed significant differences in
posterior femoral translation from full extension to maximum flexion between normal knees
(18.1 + 2.5 mm), OA knees (12.6 ± 4.2 mm), and OA knees following TKA (6.0 ± 2.8 mm).
Similarly, Hamai et al and Saari et al found that the posterior femoral translation in OA knees
was less than that of normal knees [14, 17]. In TKA knees, the reduction of posterior femoral
translation has also been reported by many studies [9, 19, 20]. Considering the similar ROM and
the different magnitudes of posterior femoral translation of the OA knees before and after TKA,
as observed in this study, a quantitative correlation between posterior femoral translation and
ROM remains to be explored. Paradoxical anterior femoral translation was also observed during
early flexion in the TKA knees, which has been mainly observed with cruciate-retaining TKA in
literature [9-12, 20]. This paradoxical motion might be partially attributed to the resection of
ACL of the TKA knees [13], as observed in ACL deficient knees [22, 23]. At low flexion angles,
the quadriceps pulls the tibia anteriorly, which is resisted by the ACL. The resection of the ACL
could lead to the overly posterior position of the femur in early flexion. The paradoxical motion
is believed to have potential negative consequences, such as flexion limitation, decreased
quadriceps efficiency, and possible accelerated polyethylene wear in TKA knees [5, 23].
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The current study also observed that while the femurs of OA knees and normal knees
were situated medially relative to the tibia during flexion, the femur of the TKA knees was
located considerably laterally relative to the tibia throughout the flexion. Similar phenomenon
has also been noted in an in-vitro study by Rhoads et al. [24]. The lateral shift of the femur after
TKA might be partially caused by the lateralization of the tibial component during TKA
operation (Figure 4.3). In medial OA knees, bone deficits are often located at the medial edge of
the tibial plateau. Surgeons often have to shift the tibial component laterally to get a solid bony
support [25]. In severe varus OA knees, surgeons sometimes need to downsize the tibial
component, shift it laterally, and remove the medial uncapped bone to minimize the amount of
soft tissue release in balancing the knee [26]. Furthermore, when the tibial component is larger
than the bone surface, the component is usually positioned laterally to avoid irritation of the
medial collateral ligament [26]. Regarding the femoral component, in the mediolateral direction
it is placed at the center of the distal femoral resected bone while avoiding medial overhang in
particular. This approach also results in the mid-line of the femur being slightly medial to the
distal femoral sulcus (- 0.8 mm, see chapter 3). Therefore the substantial lateral shift of the TKA
femur (-6mm) is likely not related to placement of the femoral component. Future studies are
warranted to examine if this lateralization has any negative consequences.
In the present study, normal knees showed internal tibial rotation during early knee
flexion (from extension to 300 flexion), consistent with the 'screw-home' motion as reported by
other studies [7, 27]. However, the data for screw-home tibial rotation of OA knees was
somewhat different from previous reports in literature [9, 17]. Siston et al found that the screw-
home tibial rotation in OA knees was 4.9 E 4.1', significantly less than the 10.1 E 4.2' of normal
knees [9]. Hamai et al. didn't observe screw-home tibial rotation in advanced OA knees [17]. In
the present study the screw-home tibial rotation for the OA knees was slightly less, but not
significantly different from that in normal knees ((5.2 ± 5.1* in OA vs. 7.2 + 4.6* in normal). The
differences between the studies might be due to the variations in activities studied, the choice of
coordinate systems, and the preoperative pathological changes [14, 17, 18, 28]. For instance,
Siston et al. measured knee kinematics intraoperatively during passive knee flexion, while this
study investigated weight-bearing single leg lunge [9]. Hamai et al. studied advanced OA
patients whose knees generally could not reach full extension during squatting and stair climbing
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activities, differing from the present study in which the weight-bearing full extension was 1.8 ±
5.20 for the OA knees [17]. After TKA, the characteristic internal tibial rotation was not
observed consistent with the other studies reporting either a substantial reduction or a loss of
internal tibial rotation after TKA [6-9]. The internal tibial rotation in early knee flexion has been
thought to be attributable to the function of the ACL and the asymmetry of the medial and lateral
tibial plateaus. Therefore, resection of the ACL and loss of the medial-lateral asymmetry
following TKA may be the reasons of changes in tibial rotation [29].
With regards to the varus-valgus knee rotation, though the starting positions at full
extension were different between the three groups (varus for OA knees, neutral for normal knees,
and valgus for TKA knees), they all changed to slight varus at higher flexion angles, agreeing
with other studies [9, 26].
The current study is limited by the relative small number of OA patients. However, the
knee kinematics before and after TKA were measured in the same OA patients, which increased
the statistical power, allowing us to detect differences between the pre- and post- operative
knees. The second limitation is that the present study only represents the results of one particular
posterior cruciate-retaining implant. Future work will involve evaluation of other TKA designs.
In conclusion, our results showed that the OA knees were similar to the normal knees in
terms of internal/external tibial rotation during weight-bearing knee flexion. However, the OA
knees had less posterior femoral translation, more medial femoral shift, and more varus rotation
at low flexion angles, compared to the normal knees. After TKA, the knee kinematics could not
be restored towards normal. The internal tibial rotation and posterior femoral translation were
dramatically reduced when compared to the OA knees and normal knees. Additionally, TKA
introduced an abnormal anterior femoral translation during early knee flexion, and a fixed lateral
femoral shift. The data of the this study may help to understand the changes in biomechanics of
the knee with medial compartment OA, and could help to improve the future prostheses designs
and surgical techniques.
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Chapter 5 - Change in Tibiofemoral Joint Space Following
TKA during Weight-Bearing Knee Flexion
5.1 Introduction
Increasing the range of knee flexion following TKA remains an important objective for
design of new implants and advancement of surgical techniques. With the excellent long term
(10-15 year) outcome of TKA, surgeons are more confident about performing the procedure on
younger, more active patients demanding increased range of knee flexion [1-3]. Numerous
factors have been linked to limited flexion (<1150) following TKA, including patient factors
such as preoperative range of motion, intraoperative factors such as component malposition, and
implant design [1-3]. Extensor mechanism overstretching due to overstuffing of the knee joint is
hypothesized to be a contributing factor limiting knee flexion [1-4]. However, no study to date
has investigated the changes in tibiofemoral joint space following TKA. Here, the tibiofemoral
joint space refers to the proximal-distal (vertical) distance between a fixed point on the femur
and a fixed point on the tibia The aim of this study was to examine pre- and post-operative
tibiofemoral joint space in a group of TKA patients during weight-bearing knee flexion and to
compare it to that in the normal/healthy knee. This could help determine if changes in the
tibiofemoral joint space could lead to extensor mechanism overstretching and consequently
limited range of flexion.
5.2 Methods
Twelve patients with advanced osteoarthritis were recruited preoperatively from the
practice of a single surgeon no more than two months prior to their scheduled TKA surgery
(Table 5.1). All patients had predominantly medial compartment osteoarthritis and received
cruciate retaining (CR-Flex) implants (Zimmer Inc., Warsaw, IN). The study was approved by
the Institutional Review Board and informed consent was obtained from all study participants.
During the preoperative visit, a magnetic resonance (MR) scan of the affected knee was obtained
using a 3T scanner. Patients were then asked to perform a quasi-static lunge activity from full
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extension to maximum flexion while images were taken using a dual fluoroscopic imaging
system [5]. Six months after surgery; the patients' knees were re-imaged using the fluoroscopic
setup, while performing the same lunge activity from full extension to maximum flexion. MR
images were not acquired during the post-operative visit. The pre-operative MR images were
used to create patient specific bone models and coordinate systems were established on the tibia
and femur based on the bony anatomy [6] (see Chapter 4). Next, the fluoroscopic images and the
bone models were imported into a virtual fluoroscopic setup in solid modeling software, and the
bone models were matched to the fluoroscopic images to reproduce the knee flexion path pre-
and post-TKA surgery [5, 6]. From the matched knee positions, the proximal-distal distance
between the femur and tibia was determined pre- and post-TKA (Figure 5.1), from 04 to 1050
flexion at 15' intervals. The proximal-distal distance between femur and tibia for 22 healthy
subjects (12 male, 10 female, age 31 ± 9 yrs) were used as normal control. This data were
obtained from previous studies using identical protocol and coordinate system definition [6].
Table 5.1: Demographics of OA patients and healthy control subjects
Max Flexion
Patient Sex Age (yrs) Pre-op (*) Post-op (*) *KL grade Alignment
I Male 67 113.2 110.8 4 Varus
2 Male 56 113.4 102.8 4 Varus
3 Male 64 108.7 101.1 4 Varus
4 Male 73 79.9 109.6 3 Varus
5 Male 64 127.5 102.6 4 Varus
6 Male 72 129.8 109.0 2 Varus
7 Female 60 74.8 73.8 4 Valgus
8 Female 62 64.9 58.4 4 Varus
9 Female 73 101.4 91.0 4 Varus
10 Female 61 122.7 113.0 3 Varus
11 Female 61 87.6 94.3 4 Varus
12 Female 77 94.1 91.0 4 Valgus
Avg 66 102 96 1 Grade i
SD 6 Male 7 21 16 2 Grade 1i1 2 Vagus
Range 6 Female 56 - 77 65-130 (0) 58 - 113 (0) 9 Grade IV 10 Varus
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Figure 5.1: Tibiofemoral joint space pre- and post-TKA in one TKA patient, and one
normal subject at full extension. Joint space here is defined as distance between origin of
femoral and tibial coordinate systems.
5.3 Results
The average maximum pre- and post-operative weight bearing flexions were 102.0
21.00 (range 65-130*) and 96.0 ± 16.00 (range 58-1130), respectively. This maximum flexion
was determined by the patient based on the level of pain, and/or feeling of tightness within the
knee. Throughout the flexion range the (average) distance between the femur and tibia was
greater post-operatively compared to pre-operative values. Additionally, the tibiofemoral joint
space was also greater postoperatively compared to normal knees for flexion angles above 750
(Figure 5.2). The average increase in the tibiofemoral joint space following TKA, compared to
pre-operative values ranged from 1.7 + 2.6 mm at full extension to 2.9 ± 2.8 mm at 300 flexion
(Figure 5.3A). The average increase in the tibiofemoral joint space following TKA, compared to
normal knees ranged from 0.0 ± 3.6 mm at full extension to 3.2 + 3.0 mm at 1050 flexion (Figure
5.3B).
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Figure 5.2: Tibiofemoral joint space for 12 TKA patients pre- (Pre-op) and post-
operatively (Post-op), and for 22 healthy subjects (Normal), during weight bearing knee
flexion. *p<0.05, 2Way Repeated Measures ANOVA. tp < 0.006 , ttest with Bonferroni
correction for 8 flexion angles.
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Figure 5.3: (A) Increase in tibiofemoral joint space post-TKA relative to pre-operative
values. (B) Increase in tibiofemoral joint space post-TKA relative to normal values.
*p<0.05, 2Way Repeated Measures ANOVA. tp < 0.006, ttest with Bonferroni correction
for 8 flexion angles.
5.4 Discussion
This study investigated the distance of the femur relative to the tibia (tibiofemoral joint
space) during weight bearing flexion in a group of TKA patients both pre- and post-operatively.
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To the best of our knowledge this is the first study reporting a direct comparison of tibiofemoral
joint space pre- and post-TKA during weight-bearing knee motion.
The results showed that the post-operative tibiofemoral separations were larger than the
pre-operative values at all flexion angles. The increase in joint space post-operatively compared
to pre-operative values at low flexion angles was expected since the pre-operative knees suffered
from severe joint space narrowing of the medial compartment. In fact, post surgery little
difference in joint space was seen between TKA and normal knees for flexion angles below 600.
However, for flexion angle above 600, the tibiofemoral separation in the TKA knees were greater
even compared to normal knees, and the difference continued to increase to a maximum of 3.2
mm at 1050, which was the maximum flexion that most TKA patients could reach.
This increase in joint space following TKA compared to normal values may indicate that
the knee is overstuffed after total knee replacement. Therefore it is reasonable to conclude that
further modification of TKA implant designs and/or surgical techniques is required for achieving
deep knee flexion following TKA. In literature, overstuffing of the knee joint has been
recognized as an important factor that contributes to limited knee flexion [1-4]. The tightness felt
by the patients post-operatively at maximum flexion in our study, suggests that overstuffing the
knee after TKA might cause overstretching of the extensor mechanism and other soft tissues
around the knee joint such as the collateral ligaments and the joint capsule, thus limiting further
knee flexion.
Future work should include recruitment of larger patient cohort and evaluation of
quantitative correlation between maximum knee flexion and increase in tibiofemoral joint space
after TKA. The surgical and implant design factors underlying possible increases in tibiofemoral
gap should also be investigated. In particular, one of the factors which could be contributing to
the increase in joint space post TKA is the difference in the geometry of the lateral TKA tibial
polyethylene surface and the geometry of the natural lateral tibial condyle (Figure 5.4). While the
natural lateral tibial condyle has a convex geometry leading to a downward slope of the tibial
plateau posteriorly, the TKA tibial surface has a concave geometry leading to an upward slope of
the tibial plateau posteriorly. Therefore as the femur moves back posteriorly on the tibia,
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particularly at higher flexion angles, it has to climb upwards on the TKA surface leading to
increased tibiofemoral separation.
Normal tibial TKA tibial
surface surface
Figure 5.4: Geometry of lateral tibial plateau in TKA and Normal Knee
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Chapter 6 - Male and Female Tibiofemoral Kinematics
6.1 Introduction
Gender related dimorphism in the pathophysiology of the knee has been related to variety
of factors including differences in muscle recruitment, passive and dynamic knee stiffness,
neuromuscular control, training, femoral notch width, ACL thickness and lower limb alignment
[1-7]. However, few studies have delineated gender differences in the six-DOF tibiofemoral
kinematics during functional weight-bearing activities. This knowledge is essential to
understanding of mechanisms underlying gender related differences in knee injuries and
pathology. Additionally, this will help determine if there exists a justification for gender specific
TKA beyond achieving better anatomical match [8-10].
The objective of this study was to investigate gender differences in the six-DOF
tibiofemoral kinematics during weight-bearing knee flexion, using 3D MR image based models
of the knee and a dual fluoroscopic imaging system.
6.2 Materials and Methods
6.2.1 Subject Recruitment and Statistics
Twelve male and twelve female subjects were recruited for this study. Each subject
signed an informed consent, and the study was approved by our institutional review board. The
average (and standard deviation) age of the male subjects was 33.0 ± 7.3 years and the average
age of the female subjects was 29.0 ± 10.5 years. There was no significant difference in age
between the genders (p = 0.29). However, male subjects were taller (71 ± 2 in vs. 66 ± 3 in, p =
0.01) and weighed significantly more than female subjects (186 ± 18 lbs vs. 138 ± 23 lbs, p <
0.001). All knees included in the study were healthy, without symptoms of osteoarthritis or soft
tissue injury, as verified via clinical examination and MR imaging. Criteria for exclusion
included body mass index greater than 30.
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6.2.2 Creation of 3D Knee Model
Magnetic resonance (MR) image scans of each knee were obtained using a 3.0 Tesla
magnet (Siemens, Germany) and fat suppressed 3D spoiled gradient-recalled sequence [11].
During the scan, the subject was supine with his or her knee in a relaxed and extended position.
Parallel sagittal plane images were obtained (resolution 512 x 512 pixels) with a field of view of
160x160 mm and spaced 1 mm apart. These images were then segmented using a 3D modeling
software (Rhinoceros@, Robert McNeel and Associates, Seattle, WA) to construct 3D models of
the knee, including the tibia and femur [11].
6.2.3 Measurement of In Vivo Tibiofemoral Kinematics
Following the MR scan, the subjects performed a single leg lunge with their knee in the
field of view of two orthogonally placed fluoroscopes (BV Pulsera, Philips, Bothell, WA)
(Figure 6.1). The subject was instructed to flex his or her knee through different flexion angles
from full extension to maximum flexion, while being monitored using a goniometer. The
subjects held their position at specified flexion angles for a brief moment while the fluoroscopic
images were captured. These fluoroscopic images were then imported into a virtual fluoroscopic
setup in the solid modeling software (Rhinoceros@) and were placed at their respective positions
[11]. Next, the 3D MR image-based models of the tibia and femur were imported into the
software. The models were then individually manipulated in six-DOF, until they matched their
projections on the orthogonal fluoroscopic images captured during the actual weight-bearing
activity. Thus, the in vivo knee motion was represented by a series of 3D knee models at
different flexion angles [11].
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Figure 6.1: Subject performing weight-bearing single leg lunge while being imaged by two
orthogonally placed fluoroscopes.
Six-DOF kinematics of the tibiofemoral joint was directly obtained from the series of 3D
models, using coordinate systems embedded in the distal femur and proximal tibia (Figure 6.2)
[12, 13]. The tibial long axis passed through the middle of the tibial spines and was oriented
parallel to the posterior wall of the tibial shaft in the sagittal plane. In the coronal plane it was
angled equally with respect to the medial and lateral edges of the tibial shaft. An orthogonal
coordinate system was placed on the tibia with the mediolateral axis obtained by projecting a line
passing through the centers of the medial and lateral tibial plateaus onto a plane perpendicular to
the tibial long axis. The center of the medial/lateral tibial plateau was defined as the centroid of
the closed curve formed by tracing the edges of the plateau. The midpoint of the tibial
mediolateral axis was defined as the origin of the tibial coordinate system. The proximal-distal
axis of the tibia was parallel to tibial long axis. The tibial anteroposterior axis was defined to be
perpendicular to the tibial mediolateral and proximal-distal axes [12, 13]. For the femur, two
axes were defined, the transepicondylar axis and a line passing through midpoint of the
transepicondylar axis, and parallel to the femoral long axis [12, 13]. The femoral long axis
passed through the most distal point on the femoral intercondylar notch. In the sagittal and
coronal planes the femoral long axis was angled equally with respect to the anterior/posterior and
medial/lateral edges of the femoral shaft, respectively.
Page 92 of 151
Femoral
long axis
Anterior
Anterior Tibial plateau edges
Tibial
long axis
Figure 6.2: Coordinate systems embedded in the proximal tibia and distal femur, used to
measure tibiofemoral kinematics
Knee flexion was defined as the angle between the femoral and tibial long axis projected
onto the tibial sagittal plane [12, 13]. Internal-external rotation of tibia was defined as the angle
between the transepicondylar axis and the tibial mediolateral axis, projected onto the transverse
plane of the tibia. Varus-valgus rotation was defined as the angle between the transepicondylar
axis and the tibial mediolateral axis, projected onto the coronal plane of the tibia. Flexion,
internal tibial rotation and varus rotation were defined to be positive. The midpoint of the
transepicondylar axis was used to measure femoral translations in the anteroposterior,
mediolateral and proximal-distal directions with respect to the tibial coordinate system. Anterior,
proximal and medial femoral translations were defined to be positive.
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The accuracy of this combined MR and dual fluoroscopic imaging technique for
measuring translations has been validated under in vitro conditions to be better than 0.1 mm [12,
13]. Repeatability of the technique for measuring translations and rotations has been validated to
be better than 0.1 mm and 0.30 [12, 14]. To account for the effect of knee size, tibiofemoral
translations were also normalized by the anteroposterior and mediolateral dimensions of the
tibia. The methodology for measuring tibial and femoral dimensions is described in Chapter 4.
6.3 Results
6.3.1 Tibiofemoral Kinematics
Both male and female knees showed consistent posterior femoral translation with flexion
and there was no significant difference between the genders (p 0.15, Figure 6.3A). When
normalized by anteroposterior size of the tibia, again no significant gender differences were
noted (p > 0.67, Figure 6.4A). In the mediolateral direction, no significant gender differences
were noted except at 1200 flexion (p 2 0.32, Figure 6.3B). At 1200 flexion, female knees had a
significantly greater medial position compared to male knees (7.0 ± 2.7 mm vs. 4.5 ± 1.9 mm, p
= 0.03). Upon normalization by mediolateral size of tibia, female knees tended to show a more
medial position (Figure 6.4B). However, difference between the genders was not significant
except at 1200 flexion (p > 0.1).
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Figure 6.3: (A) Anteroposterior and (B) mediolateral femoral translation as a function of
knee flexion for male and female knees (* =p<0.05). Positive values indicate anterior and
medial translations.
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Figure 6.4: (A) Anteroposterior and (B) mediolateral femoral translation normalized by
tibial AP and ML size, as a function of knee flexion for male and female knees (* = p<0.05 ).
Positive values indicate anterior and medial translations.
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Female knees showed significantly greater external tibial rotation at 00 (-5.4 ± 3.60 vs. -
1.3 ± 4.7*, p = 0.03) and smaller internal rotation at 300 flexion (1.7 ± 5.4* vs. 6.4 ± 5.2*, p =
0.04, Figure 6.5A). The difference between genders at higher flexion angles was not statistically
significant (p > 0.09). Female knees also showed slightly greater varus rotation (Figure 6.5B), at
1050 (3.40 vs. 2.30) and 1200 (3.70 vs. 2.70) flexion. However, difference between genders was
not statistically significant at any flexion angle (p 0.41).
Internal-external tibial rotation
(A)
-4
(B)
0 30 60 75 90
Flexion angle (0)
105 120
Varus-valgus rotation
0 Male
varus0 Female
valgus
0 30 60 75 9
Flexion angle (*)
0 105 120
Figure 6.5: (A) Internal-external tibial rotation and (B) varus-valgus knee rotation as a
function of flexion angle, for male and female knees (* = p<0.05). Positive values
correspond to internal tibial and varus knee rotations.
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The range of knee motion between 0 and 120* of flexion was also compared between the
male and female knees (Table 6.1). There was no significant difference in the range of
anteroposterior translation, mediolateral translation, and varus-valgus rotation between the male
and female knees. However, female knees had significantly greater range of tibial rotation
compared to male knees (18.2 ± 5.5' vs. 12.4 ± 4.1 , p = 0.01).
Table 6.1: Range of tibiofemoral motion between 00 and 120* knee flexion (* = p<0.05).
Range of AP and ML femoral translations as a percentage of the corresponding tibial
dimensions are also listed. AP = anteroposterior, ML = mediolateral, IE = internal-
external, VV = varus-valgus.
AP
(mm)
ML
(mm)
AP *100/
Tibial AP
Size (%)
ML *100/
Tibial ML
Size (%)
IE (0) VV (0)
Male Mean 20.7 3.1 46.4 3.8 12.4 5.5
SD 3.8 1.3 10.4 1.6 4.1 3.8
Female Mean 18.3 3.0 46.1 4.4 18.2 5.2
SD 1.9 1.5 5.2 2.3 5.5 2.4
t-test pvalue 0.11 0.9 0.93 0.46 0.01* 0.95
6.4 Discussion
In this study the six-DOF tibiofemoral kinematics of male and female knees was
investigated. The results of this study showed that while many of the measured parameters were
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similar between genders, there exist gender differences in the internal-external rotation of the
tibia relative to the femur.
In our study no significant gender difference were found in the anteroposterior knee
translation, particularly upon normalization by anteroposterior tibial dimension. Mediolateral
translations also did not show any significant gender difference (except at 1200 flexion), both
with and without normalization by mediolateral tibial dimension. However, in female knees the
normalized mediolateral translation data showed a trend towards more medial position compared
to males. This warrants further investigation with a larger sample size.
Compared to males, females showed greater external tibial rotation at 00 flexion, smaller
internal rotation at 300 flexion and greater range of tibial rotation, during the weight bearing
activity. These data are consistent with the reported lower passive torsional stiffness and higher
rotary knee joint laxity in females [15, 16]. From a biomechanical point of view, increased
external rotation correlates to an increase in the effective Q angle during weight-bearing activity
[17, 18]. This could lead to shift of contact pressure towards the lateral facet of the
patellofemoral joint [3-5, 19]. This hypothesis and its relation to the reported higher incidence of
patellofemoral problems in females still need to be investigated [3-6]. In literature, increased
passive joint laxity has been linked with heightened risk of ACL injury in females [2, 4]. How
the increased active rotation of the female knee seen in this study affects the ACL function,
warrants further investigation. The increased external tibial rotation at low flexion angles could
predispose the female knee to increased ACL impingement with the lateral femoral condyle
during pivoting motions associated with ACL injuries. If this hypothesis is true then the
increased external tibial rotation could represent a disadvantage in protecting the ACL from
injury [7, 20-22].
In our study males and females showed similar varus-valgus rotation with no significant
gender difference at any flexion angle, although females showed slightly greater varus rotation at
1050 and 1200. Studies on dynamic activities such as landing from a jump have shown females to
have significantly greater valgus rotation [23]. The differences between results of our study and
other reports may indicate that differences in knee stiffness and neuromuscular control during
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specific dynamics activities are the dominant cause for gender variation in varus-valgus motion,
rather than any inherent varus or valgus bias in the male or female knee.
One factor that could lead to reduction in accuracy of the dual fluoroscopic technique
compared to values obtained from in vitro validation is image blurring due to unwanted motion
of the subject's knee. This was not a major issue for this study since the relatively young subjects
possessed sufficient muscle strength to balance during the lunge activity, and the test setup
included hand rails for support. Normal motions of small magnitudes, occurring with limited
velocities, do not significantly affect the accuracy of the dual fluoroscopic technique as has been
confirmed by our previous dynamic validations [24, 25]. It should be noted that the system
accuracy/repeatability values obtained during validations do not relate to inter/intra-observer
variability in placement of coordinate axes. Specifying accuracy of axes placement is difficult, if
not impossible, since there is no gold standard with which to compare a given choice of
coordinate axes. Inter/intra-observer variability in axes placement is undesirable but unavoidable.
This variability can lead to increase in the standard deviation of the measured kinematics (over
the inherent subject-to-subject variation) making it harder to detect differences between the study
groups. However, by using a consistent protocol for axes placement, such variability can be
minimized.
The aim of this study was to investigate any underlying gender differences in the weight-
bearing motion of the knee from full extension to deep flexion, independent of factors such as
landing strategy and training level [23]. The lunge motion allows us to investigate the natural
kinematics of the knee over a large range of motion (0-120') in a controlled manner. Activities
such as landing from a jump or pivoting motion may be more relevant for specific injuries such
as ACL injuries, but have limited range of weight bearing flexion and inherently include factors
such as differences in training level and landing strategy. In this study the subjects performed the
lunge motion in a quasi-static manner, holding the knee position at specified flexion angles for a
brief moment while the fluoroscopic images were captured. Differences in muscle activitation
between quasi-static and dynamic knee motion may lead to changes in measured kinematics,
which need to be kept in mind while interpreting results of this study. The advantage of a quasi-
static study is minimal motion artifacts and reduced radiation exposure compared to dynamic
fluoroscopy.
Page 100 of 151
In conclusion, this study revealed that significant gender differences exist only in the
tibiofemoral rotational kinematics. In particular, female knees have greater external tibial
rotation at low flexion angles and greater range of tibial rotation. The more externally rotated
position of the tibia in females, particularly at low flexion angles, could increase the effective Q
angle during weight-bearing activity. Further studies are warranted to determine implications of
these data for surgical treatments, such as total knee or patellofemoral arthroplasty, and to
investigate factors underlying increased risk of ACL injury and patellofemoral problems in
females.
6.5 Acknowledgements
This work was funded through grants received from the National Institutes of Health
(ROl-AR052408, R21-AR05107). The authors would also like to acknowledge Samuel Van de
Velde, Ramprasad Papannagari, Louis E. DeFrate, Jefferey Bingham and Kyung Wook Nha for
their technical assistance.
6.6 References
1. Wojtys EM, Ashton-Miller JA, Huston U. 2002. A gender-related difference in the
contribution of the knee musculature to sagittal-plane shear stiffness in subjects with similar
knee laxity. J Bone Joint Surg Am 84-A: 10-16.
2. Myer GD, Ford KR, Paterno MV, et al. 2008. The effects of generalized joint laxity on risk of
anterior cruciate ligament Injury in young female athletes. Am J Sports Med: 1-8.
3. Hutchinson MR, Ireland ML. 1995. Knee injuries in female athletes. Sports Med 19:288-302.
4. Loud KJ, Micheli U. 2001. Common athletic injuries in adolescent girls. Curr Opin Pediatr
13:317-322.
5. Csintalan RP, Schulz MM, Woo J, et al. 2002. Gender differences in patellofemoral joint
biomechanics. Clin Orthop Relat Res 402:260-269.
Page 101 of 151
6. Arendt EA: Dimorphism and patellofemoral disorders. 2006. Orthop Clin North Am 37:593-
599.
7. Shelboume KD, Davis TJ, Klootwyk TE. 1998. The relationship between intercondylar notch
width of the femur and the incidence of anterior cruciate ligament tears. A prospective study. Am
J Sports Med 26:402-408.
8. Barrett WP. 2006. The need for gender-specific prostheses in TKA: does size make a
difference? Orthopedics 29:S53-55.
9. Greene KA. 2007. Gender-specific design in total knee arthroplasty. J Arthroplasty 22:27-31.
10. Conley S, Rosenberg A, Crowninshield R. 2007. The female knee: anatomic variations. J Am
Acad Orthop Surg 15 Suppl 1:S31-36.
11. DeFrate LE, Sun H, Gill TJ, et al. 2004. In vivo tibiofemoral contact analysis using 3D MRI-
based knee models. J Biomech 37:1499-1504.
12. DeFrate LE, Papannagari R, Gill TJ, et al. 2006. The 6 degrees of freedom kinematics of the
knee after anterior cruciate ligament deficiency: an in vivo imaging analysis. Am J Sports Med
34:1240-1246.
13. Li G, Papannagari R, Nha KW, et al. 2007. The coupled motion of the femur and patella
during in vivo weightbearing knee flexion. J Biomech Eng 129:937-943.
14. Li G, Wuerz TH, DeFrate LE. 2004. Feasibility of using orthogonal fluoroscopic images to
measure in vivo joint kinematics. J Biomech Eng 126:314-318.
15. Hsu WH, Fisk JA, Yamamoto Y, et al. 2006. Differences in torsional joint stiffness of the
knee between genders: a human cadaveric study. Am J Sports Med 34:765-770.
16. Wojtys EM, Huston LJ, Schock HJ, et al. 2003. Gender differences in muscular protection of
the knee in torsion in size-matched athletes. J Bone Joint Surg Am 85-A:782-789.
17. Mizuno Y, Kumagai M, Mattessich SM, et al. 2001. Q-angle influences tibiofemoral and
patellofemoral kinematics. J Orthop Res 19:834-840.
18. Malo M, Vince KG. 2003. The unstable patella after total knee arthroplasty: etiology,
prevention, and management. J Am Acad Orthop Surg 11:364-371.
19. Li G, DeFrate LE, Zayontz S, et al. 2004. The effect of tibiofemoral joint kinematics on
patellofemoral contact pressures under simulated muscle loads. J Orthop Res 22:801-806.
20. Hamer CD, Paulos LE, Greenwald AE, et al. 1994. Detailed analysis of patients with
bilateral anterior cruciate ligament injuries. Am J Sports Med 22:37-43.
Page 102 of 151
21. Lund-Hanssen H, Gannon J, Engebretsen L, et al. 1994. Intercondylar notch width and the
risk for anterior cruciate ligament rupture. A case-control study in 46 female handball players.
Acta Orthop Scand 65:529-532.
22. Fung DT, Hendrix RW, Koh JL, Zhang LQ. 2007. ACL impingement prediction based on
MRI scans of individual knees. Clin Orthop Relat Res 460:210-218.
23. Hewett TE, Myer GD, Ford KR. 2004. Decrease in neuromuscular control about the knee
with maturation in female athletes. J Bone Joint Surg Am 86-A: 1601-1608.
24. Li G, Van de Velde SK, Bingham JT. 2008. Validation of a non-invasive fluoroscopic
imaging technique for the measurement of dynamic knee joint motion. J Biomech 41:1616-1622.
25. Varadarajan KM, Moynihan AL, D'Lima D, et al. 2008. In vivo contact kinematics and
contact forces of the knee after total knee arthroplasty during dynamic weight-bearing activities.
J Biomech 41:2159-2168.
Page 103 of 151
Chapter 7 - Patellofemoral Kinematics and Patellar Tendon
Orientation in Male and Female Knees
7.1 Introduction
Quantitative knowledge of patellofemoral joint biomechanics in male and female knees is
critical for understanding the mechanisms underlying gender related dimorphism in
patellofemoral problems and improvement of treatments like total knee and patellofemoral
arthroplasty. Females are said to be at a greater risk of patellofemoral pain, recurrent patellar
dislocations and patellofemoral arthritis [1-5]. This increased risk of patellofemoral problems in
females, has been linked to gender differences in occurrence of dysplastic features of the
patellofemoral joint, femoral anteversion, pelvic width, muscle strength, vastus medialis obliquus
hypoplasticity, conditioning, and neuromuscular response [1-5]. While the exact cause of this
variation is still unclear, recently gender specific TKA implants have been proposed to
accommodate differences in the anatomy of male and female knees [6-10]. One such implant
design includes different trochlear groove angles for male and female knees, to accommodate
differences in Q (quadriceps) angle [9]. However, the need and efficacy of gender specific TKA
designs is still widely debated [11, 12].
In the previous chapter it was showed that female knees are more externally rotated and
have a greater range of tibiofemoral rotation during weight-bearing knee flexion [13]. In vitro
studies have suggested that changes in the rotational kinematics of the tibiofemoral joint may
affect the orientation of the patellar tendon and concomitantly the tracking of the patella in the
femoral trochlear groove [14-18]. In an in vivo study, Li et al. indicated strong correlation
between tibiofemoral and patellofemoral joint biomechanics [19].
However, few studies have investigated gender differences in the three-dimensional (3D)
orientation of the patellar tendon and patellar tracking, during weight-bearing knee flexion [20,
21]. This knowledge is critical for enabling improved understanding of gender related
dimorphism in patellofemoral problems, and evaluating the rationale for gender specific TKA
implants. We hypothesized that gender differences in the rotational kinematics of the
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tibiofemoral joint may affect the in vivo patellar tendon orientation and patellar tracking. In this
study, we investigated the effect of gender on the 3D orientation of the patellar tendon and
patellar tracking during weight-bearing knee flexion, using magnetic resonance imaging (MRI)
based knee models and a dual fluoroscopic imaging system. Correlation between these
measurements and previously reported tibiofemoral rotation data were also examined [13].
7.2 Materials and Methods
7.2.1 Subject Demographics
Eighteen male and thirteen females were recruited for this study following approval by
our institute review board, and informed consent was obtained from each subject. Only one knee
from each subject was studied and the choice of side was made randomly (15 right, 16 left).
There was no significant difference in the age of the male and female subjects (31.2 11.0 yrs
and 29.8 ± 9.9 yrs, p = 0.69). However, male subjects were taller (180 ± 5 cm vs. 167 8 cm, p
< 0.001) and weighed significantly more than female subjects (85 ± 11 kg vs. 65 ± 12 kg, p <
0.001). All knees included in the study were healthy without any symptoms of soft tissue injuries
or osteoarthritis. This was verified both via clinical examination and MRI.
7.2.2 Magnetic Resonance Imaging and Dual Plane Fluoroscopy
Magnetic resonance scans of each knee were obtained using a 3.0 Tesla magnet
(Siemens, Malvern, PA) and fat suppressed 3D spoiled gradient-recalled sequence [22]. Sagittal
plane image slices (1 mm spacing, resolution of 512 x 512, field of view 180 x 180 mm) were
then segmented within a 3D modeling software (Rhinoceros®, Robert McNeel and Associates,
Seattle, WA). Three-dimensional mesh models of the tibia, femur and patella were then
constructed using a custom program that can create meshed surfaces from series of closed
curves. Additionally, the insertion sites of the patellar tendon at the tibial tubercle and the patella
were also segmented [23]. Following the MRI, the subjects performed a single leg lunge with
their knee in the field of view of two orthogonally positioned fluoroscopes (BV Pulsera, Philips,
Bothell, WA). The fluoroscope intensifiers had a diameter of 310 mm, and -150 mm of the tibial
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and femoral bones were visible on the fluoroscopic images. During the single leg lunge activity,
the subjects were positioned with the knee of interest in the field of view of both fluoroscopes
and their foot and torso oriented towards the intersection of the two fluoroscope intensifiers. The
subjects were instructed to support their body weight on the leg being studied, but they were
allowed to use the contralateral leg and handrails for support and balance. The subjects bent their
knees through different flexion angles in approximately 150 increments (monitored using a
goniometer) from full extension to deep flexion without altering the orientation of their foot and
torso. At each flexion angle, the subjects held their position for a brief moment while the
fluoroscopic images were captured. The 3D models of the tibia, femur and patella were then
imported into a virtual setup in the solid modeling software and matched to their projections on
the fluoroscopic images to recreate the knee motion [22, 24].
7.2.3 Measurement of Patella Tendon Orientation
To measure the three-dimensional orientations of the patellar tendon, the insertion sites of
the patellar tendon on the tibial tubercle and patella were identified on the MRI scans and
segmented to create 3D representation of the attachments [23]. These 3D surfaces (on patella and
tibial tubercle) was then divided into three equal portions each, and they remained attached to the
corresponding bone models during the matching of the bone models to the dual fluoroscopic
images. Corresponding to each matched position, the centroids of the attachment sites were
joined to represent the medial, central and lateral portions of the patellar tendon [23]. Sagittal
plane angle of the patellar tendon was measured relative to the tibial long-axis in the sagittal
plane of the tibia [23]. The tibial long axis passed through the middle of the tibial spines and was
oriented parallel to the posterior wall of the tibial shaft in the sagittal plane. In the coronal plane
it was angled equally with respect to the medial and lateral edges of the tibial shaft. A positive
value of the angle corresponded to anterior location of the inferior patellar pole relative to the
tibial tubercle (Figure 7.1A). The coronal plane angle of the patellar tendon was measured
relative to the tibial long-axis, in the coronal plane of the tibia [23]. A positive value of the angle
corresponded to a medially oriented patellar tendon (Figure 7.1B). The tilt of the patellar tendon
was defined as the angle between the insertion sites of the patellar tendon on the tibial tubercle
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and the patella, projected onto the transverse plane of the tibia . A positive tilt value orresponded
to internal rotation of the tibial tubercle relative to the patella (Figure 7.1 C).
Tibia long Tibia long
axis axis I
(+) PT sagittal (+) PT coronal
plane angle plane angle
PT Tilt
Medial Lateral
Anterior
(A) (B) (C)
Figure 7.1: This figure shows the definition of (A) sagittal plane angle, (B) coronal plane
angle and (C) tilt of the patellar tendon, measured relative to the tibia.
7.2.4 Measurement of Patellar Tracking
The tracking of the patella relative to the femur was measured using coordinate systems
embedded in the distal femur and the patella [23, 25] (Figure 7.2). Two axes were defined on the
femur, the transepicondylar axis (TEA) and a line passing through the midpoint of the TEA, and
parallel to the femoral long axis. The femoral long axis passed through the most distal point on
the intercondylar notch, and was angled equally with respect to the anterior/posterior and
medial/lateral edges of the femoral shaft in the sagittal and coronal planes, respectively. An
orthogonal coordinate system was defined on the femur with the origin as the midpoint of the
TEA and the mediolateral axis being parallel to the TEA. The superior-inferior axis of the
femoral coordinate system was perpendicular to the TEA and in the plane containing the TEA
and the femoral long-axis. The femoral anteroposterior axis was mutually perpendicular to the
mediolateral and proximal-distal axes. An orthogonal coordinate system was also placed on the
patella with the help of a rectangular box fit around the patella [23, 25]. The mediolateral edge of
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the box was parallel to a line joining the most-prominent points on the medial and lateral edges
of the patella. The proximal-distal edge of the box was parallel to a line joining the inferior and
superior poles of the patella [23, 25]. The geometric center of the box was defined as the patellar
center.
Patellar flexion was defined as the angle between the superior-inferior axis of the patella
and the femoral long axis, projected onto the sagittal plane of the femur. Patellar shift was
defined as the motion of the patella center along the femoral transepicondylar axis. A lateral shift
of the patella was defined to be positive. Patellar anteroposterior and superior-inferior
translations were defined as distance between patellar center and origin of the femoral coordinate
system in the direction of the femoral anteroposterior and superior-inferior axes, respectively.
Anterior and inferior patellar translations were defined to be positive. Patellar tilt was defined as
the angle between the medial-lateral axis of the patella and the femoral transepicondylar axis,
projected onto the transverse plane of the femur. External tilt of the patella relative to the
transepicondylar axis was defined to be positive. Patellar rotation was defined as the angle
between the medial-lateral axis of the patella and the femoral transepicondylar axis, projected
onto the coronal plane of the femur. Valgus rotation of the patella was defined to be positive and
followed the direction of valgus tibial rotation. The accuracy of the combined MR and dual
fluoroscopic imaging technique for measuring patellar translations and rotations has been
validated to be 0.1 ± 0.2 mm and 0.1 ± 0.30 [25].
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long axis
Figure 7.2: This figure shows the coordinate systems embedded in the distal femur and
patella, which are used to measure patellar tracking relative to the femur. Herein, M =
medial, L = lateral, S = superior, I = inferior, A = anterior, P = posterior and TEA =
transepicondylar axis.
7.2.5 Statistical Analysis
The patellar tendon orientation and the patellar tracking data were analyzed using two-
way ANOVA to evaluate the main effect of gender (within-group), the main effect of knee
flexion (within-subject) and interactions between these two factors. The level of statistical
significance was set at p < 0.05. Correlation of patellar tendon orientation and patellar tracking to
tibiofemoral rotation was analyzed at each flexion angle using Pearson product-moment
correlation. Here tibiofemoral rotation was defined as the angle between the femoral TEA and
the tibial mediolateral axis, projected onto the transverse plane of the tibia [13]. A Bonferroni
correction factor (1/5) was used to account for multiple comparisons. Correlation at each flexion
angle was considered significant for p < 0.01.
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7.3 Results
7.3.1 Patellar Tendon Orientation
The sagittal plane angle of the patellar tendon decreased with knee flexion for both
genders with females tending to show larger values, particularly at low flexion (Figure 7.3A-C).
The main effect of flexion was significant for all three portions of the patellar tendon (p <0.001).
The main effect of gender was statistically significant for central and lateral portions of the
patellar tendon (p = 0.037, p =0.027), but not for the medial portion (p = 0.1). The interaction
between flexion and gender was not significant for any of the patellar tendon portions (p > 0.12).
The average difference in the sagittal plane angle of the female and male patellar tendon ranged
from maximum of 4.4' at 00 flexion to 1.30 at 750 flexion.
Changes in the coronal plane angle of the patellar tendon with flexion also showed
similar patterns in male and female knees (Figure 7.4A-C). However, in female knees all three
portions of the patellar tendon were oriented more medially. The main effect of gender, main
effect of flexion, and the interaction between them, were significant for all three portions of the
patellar tendon (p <0.001). The average difference in the coronal plane angle of the female and
male patellar tendon ranged from maximum of 6.70 at 00 flexion to minimum of 2.00 at 750
flexion.
Females showed greater external tilting of the patellar tendon (Figure 7.5). The main
effects of gender and flexion were significant (p=0.03 and p <0.001). However, no significant
interaction was noted between these two factors (p =0.45). The average difference in the patellar
tendon tilt between the genders ranged from 6.6' at 0' flexion to 3.3' at 750 flexion.
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Figure 7.3: This figure shows the sagittal plane angles of the (A) medial, (B) central and (C)
lateral portions of the patellar tendon in male and female knees, as a function of knee
flexion.
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Figure 7.4: This figure shows the coronal plane angles of the (A) medial, (B) central and (C)
lateral portions of the patellar tendon in male and female knees, as a function of knee
flexion.
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7.3.2 Patellar Tracking
Patellar flexion increased consistently with knee flexion for both genders (Figure 7.6A).
While the main effect of knee flexion on patellar flexion was significant (p <0.001), the effect of
gender and gender-knee flexion interaction were not significant (p = 0.82 and p =0.13). In both
male and female knees, the patella shifted slightly medially from 0* to 300 flexion and thereafter
showed increasing lateral shift (Figure 7.6B). On average females showed smaller lateral patellar
shift. However, while the main effect of knee flexion on patellar shift was significant (p <0.001),
the main effect of the gender and gender-knee flexion interactions were not significant (p = 0.06
and p = 0.9). Similar results were obtained when patellar shift was normalized by femoral
mediolateral size (Figure 7.6C).
In general
effects of gender
significant (p =
normalization by
males showed greater amounts of anterior patellar translation with the main
and knee flexion, and the gender-knee flexion interaction being statistically
0.014, <0.001 and 0.002, respectively; Figure 7.7A). However, upon
femoral anteroposterior size, only the main effect of knee flexion on anterior
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patellar translation was statistically significant (p <0.001, Figure 7.8A). Males also showed
greater amounts of inferior patellar translation compared to females with the main effect of knee
flexion and gender-knee flexion interactions being statistically significant (p<0.001, Figure
7.7B). However, again upon normalization by femoral anteroposterior size, only the main effect
of knee flexion was statistically significant (p <0.001, Figure 7.8B). Details of femoral
mediolateral and anteroposterior size measurement have been reported elsewhere [13].
Both male and female knees showed variable amounts of patellar tilt, with the average
values being less than 1.8* (Figure 7.9A). No significant main (p >0.4) or interaction effects
were noted for patellar tilt (p = 0.89). The patella in male and female knees was in valgus
rotation at all flexion angles, with the main effect of knee flexion not being significant (p = 0.21)
(Figure 7.9B). In general, female knees tended to show greater valgus rotation at lower flexion
angles. However, the effect of gender and gender-knee flexion interactions were not statistically
significant (p =0.07 and p= 0.13).
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Figure 7.6: This figure shows the (A) patellar flexion, (B)
shift normalized by femoral mediolateral size in male and
knee flexion.
patellar shift and (C) patellar
female knees, as a function of
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Figure 7.7: This figure shows the (A) anteroposterior and (B) superior-inferior patellar
translation in male and female knees, as a function of knee flexion.
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7.3.3 Correlation with Tibial Internal Rotation
Except at 300 flexion for the lateral portion, the sagittal plane angle of the patellar tendon
did not show significant correlation with tibial rotation (p> 0.02, Table 7.1). Coronal plane angle
of all three portions of the patellar tendon showed moderately strong correlations (Ir =0.5-0.75, p
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<0.005) with tibial rotation at 00, 300 and 60' flexion (Table 7.1). Patellar tendon twist showed
moderately strong correlations (Irl =0.52-0.68, p <0.004) with tibial rotation at all measured
flexion angles between 00 and 900 flexion. Patellar tracking did not show any statistically
significant correlation with tibial rotation (p >0.04, Table 7.2).
Table 7.1: Correlation coefficients (r) and p-values for correlation between tibial internal
rotation and patellar tendon (PT) orientation, at different knee flexion angles (*p <0.01).
Knee Flexion
00 r
p
300 r
p
600 r
p
750 
r
p
900 r
p
PT coronal plane angle
Mad Can Lai
PT sagittal plane
Med Cen
-0.23 -0.28
0.216 0.126
-0.15 -0.33
0.436 0.071 q
-0.11 -0.31
0.548 0.090
-0.22 -0.36
0.225 0.045
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PT twistangle
Lat
-0.41
0.022
Table 7.2: Correlation coefficients (r) and p-values for correlation between tibial internal
rotation and patellar tracking, at different knee flexion angles (*p <0.01).
Patellar Tracking
Knee Flexion Flexion Shift Tilt Rotation
00 r -0.11 -0.37 -0.22 -0.04
p 0.542 0.040 0.243 0.845
300 r 0.06 -0.07 -0.07 -0.03
p 0.754 0.703 0.691 0.888
600 r 0.00 -0.14 -0.14 0.04
p 0.999 0.439 0.438 0.837
750 r 0-09 -0.19 -0.21 -0.17
p 0.625 0.318 0.263 0.355
900 r 0.09 -0.20 -0.11 0.13
D 0.628 0.307 0.573 0.496
7.4 Discussion
In this study, we investigated the 3D orientation of the patellar tendon and patellar
tracking in male and female knees during weight-bearing knee flexion. The results of the study
confirmed our hypothesis that gender differences exist in the 3D orientation of the patellar
tendon and is related to gender related variations in tibiofemoral rotation. However, no
significant effect of gender was noted on patellar tracking.
Gender had statistically significant effect on sagittal plane angles of central and lateral
portions of the patellar tendon. The patellar tendon in females was oriented more anteriorly
relative to the tibial tubercle, with average difference between genders ranging from 1.3* to 4.4*.
This is consistent with the results of Nunley et al., who used lateral radiographs to show that the
sagittal plane angle of the patellar tendon was 3.7' greater in females compared to males [21].
The effect of this difference on patellofemoral contact pressures and ACL tensioning needs
further investigation.
Page 120 of 151
Significant gender related differences were also seen in the coronal plane angles of the
patellar tendon. In female knees, all portions of the patellar tendon were oriented more medially
than in male knees (average difference 2.0*-6.7*). Females also had greater external tilting of the
patellar tendon (average difference 3.3*-6.6'). Both the greater medial orientation and increased
external tilting of the patellar tendon in females, is consistent with our previous study showing
greater external tibial rotation in females (females 5.4* vs. males 1.30, at full extension) [13].
This was validated by statistically significant correlation between tibial rotation and patellar
tendon orientation in coronal and transverse planes. Increased external rotation of the tibia in
females likely places the tibial tubercle in a more lateral and externally rotated position relative
to the patella, leading to a greater medial orientation and increased external tilting of the patellar
tendon. In vitro studies have suggested that increased external rotation of the tibia and the
resultant lateral pull of the patellar tendon can increase the contact pressure on the lateral
patellofemoral facet [3, 17, 18, 26]. The effect of the gender differences seen herein on the
patellofemoral contact pressures remain to be investigated.
Gender did not have significant effect on patellar flexion, which increased with knee
flexion in a similar manner in both male and female knees. Starting from full extension the
patella shifted medially till 30' flexion and thereafter showed consistent lateral shift. This trend
agrees with the results of previous studies on patellar tracking [14, 25, 27]. From 0 to 300 flexion
the patella is not engaged in the femoral trochlea and it is guided medially by the lateral femoral
condyle to engage the trochlear groove. Beyond 30* flexion, the patella is engaged in the
trochlear groove and its mediolateral motion is controlled primarily by the geometry of the
trochlear groove [27]. From distal to proximal direction, the femoral trochlear groove is oriented
medially [13, 28] or laterally when viewed from proximal to distal direction. Therefore as the
knee is flexed, the patella travels distally relative to the femur and undergoes a lateral shift. In
general, female knees showed smaller amount of lateral patellar shift both with and without
normalization by femoral mediolateral size. However, the effect of gender on patellar shift was
not statistically significant.
Both male and female knees showed limited amount of lateral patellar tilt with no
significant difference between the genders. Ahmed and Duncan showed that between 30* and
1000 flexion, patellar tilt was primarily correlated to inclinations of the medial and lateral facets
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of the retro-patellar surface and the femoral trochlear groove [27]. Morphological studies have
not found any gender differences in the inclinations of the medial and lateral facets of the
retropatellar surface or the trochlear groove [8, 29, 30]. This similarly in the morphology may
explain the similar values of patellar tilt in male and female knees.
The patella in both genders showed valgus rotation relative to the transepicondylar axis,
at all flexion angles. Ahmed and Duncan showed that between 300 and 100' knee flexion,
patellar rotation was moderately correlated to the orientation of the femoral trochlear groove
[27]. The medial orientation of the femoral trochlear, may explain the overall valgus patellar
rotation [14]. In general, female knees tended to show slightly greater valgus rotation. However,
the difference between the genders was not statistically significant.
In vitro studies have shown that patellar shift, tilt and rotation are affected by changes in
tibial rotation via the action of the patellar tendon [14-16]. Previously we showed that male and
female knees have different tibial rotation. Based on this knowledge we hypothesized that
patellar tracking pattern may be different between the genders. However, in this study we did not
detect statistically significant gender differences in patellar tracking or correlations with tibial
rotation [13]. Similar phenomenon was noted by Seisler and Sheehan during non-weight bearing
knee flexion between 0' and 40* [20]. This seemingly counterintuitive result may be due the fact
that the tibial rotations in the in vitro studies (>150) were larger than the gender differences we
noted (~4'). Additionally, patellar motion relative to the femur is stabilized by the trochlear
groove, limiting the effect of tibial rotation. This stabilizing effect of the trochlear groove is
expected to be greater under in vivo conditions due to greater quadriceps loading,
One of the limitations of this study is that patellar tendon was approximated with three
straight lines. However, all three portions of the patellar tendon showed similar trends in
orientation, suggesting that this approximation may be sufficient for the purposes this study. In
this study we considered only one weight-bearing activity, namely the single leg lunge. Other
activities, such as walking and stair climbing, should be investigated in future studies.
In conclusion, this study used combined MR and dual fluoroscopic imaging to quantify
the 3D orientation of the patellar tendon and patellar tracking in the male and female knees
during weight-bearing knee flexion. The results of the study showed that in female knees the
Page 122 of 151
patellar tendon is oriented more anteriorly in the sagittal plane, more medially in the coronal
plane and is tilted more externally in the transverse plane of the tibia. These gender variations
were consistent with our previous report showing greater external tibial rotation in female knees
[13]. However, no statistically significant effect of gender on patellar tracking was noted. Trend
towards greater valgus patellar rotation in females may call for future studies with larger study
population. The results of this study, particularly the effect of gender on patellar tendon
orientation, warrant further investigations to understand implications for patellofemoral problems
in females. These data may also have important implications for design of gender-specific total
knee and patellofemoral arthroplasty implants.
7.5 Acknowledgements
This study was made possible through grants received from the National Institutes of
Health (RO 1 -AR052408, R2 1 -AR05107). Special thanks to Kyung Wook Nha, Louis E. DeFrate,
Jefferey Bingham, Ramprasad Papannagari and Samuel Van de Velde for their technical
assistance.
7.6 References
1. Hutchinson MR, Ireland ML. 1995. Knee injuries in female athletes. Sports Med 19:288-302.
2. Loud KJ, Micheli U. 2001. Common athletic injuries in adolescent girls. Curr Opin Pediatr
13:317-322.
3. Csintalan RP, Schulz MM, Woo J, et al. 2002. Gender differences in patellofemoral joint
biomechanics. Clin Orthop Relat Res 402:260-269.
4. Arendt EA. 2006. Dimorphism and patellofemoral disorders. Orthop Clin North Am 37:593-
599.
5. Fulkerson JP, Arendt EA. 2000. Anterior knee pain in females. Clin Orthop Relat Res 372:69-
73.
6. Chin KR, Dalury DF, Zurakowski D, Scott RD. 2002. Intraoperative measurements of male
and female distal femurs during primary total knee arthroplasty. J Knee Surg 15:213-217.
Page 123 of 151
7. Hitt K, Shurman JR, 2nd, Greene K, et al. 2003. Anthropometric measurements of the human
knee: correlation to the sizing of current knee arthroplasty systems. J Bone Joint Surg Am 85-A
Suppl 4:115-122.
8. Mahfouz M, Badawi A, Merkl B, et al. 2006. 3D Statistical Shape Models of Patella for Sex
Classification. Conf Proc IEEE Eng Med Biol Soc 1:3439-3445.
9. Conley S, Rosenberg A, Crowninshield R. 2007. The female knee: anatomic variations. J Am
Acad Orthop Surg 15 Suppl 1:S31-36.
10. Lonner JH, Jasko JG, Thomas BS. 2008. Anthropomorphic differences between the distal
femora of men and women. Clin Orthop Relat Res 466:2724-2729.
11. Barrett WP. 2006. The need for gender-specific prostheses in TKA: does size make a
difference? Orthopedics 29:S53-55.
12. Greene KA. 2007. Gender-specific design in total knee arthroplasty. J Arthroplasty 22:27-3 1.
13. Varadarajan KM, Gill TJ, Freiberg AA, et al. 2009. Gender differences in trochlear groove
orientation and rotational kinematics of human knees. J Orthop Res (in press).
14. van Kampen A, Huiskes R. 1990. The three-dimensional tracking pattern of the human
patella. J Orthop Res 8:372-382.
15. Hefzy MS, Jackson WT, Saddemi SR, Hsieh YF. 1992. Effects of tibial rotations on patellar
tracking and patello-femoral contact areas. J Biomed Eng 14:329-343.
16. Nagamine R, Otani T, White SE, et al. 1995. Patellar tracking measurement in the normal
knee. J Orthop Res 13:115-122.
17. Li G, DeFrate LE, Zayontz S, et al. 2004. The effect of tibiofemoral joint kinematics on
patellofemoral contact pressures under simulated muscle loads. J Orthop Res 22:801-806.
18. Gill TJ, DeFrate LE, Wang C, et al. 2004. The effect of posterior cruciate ligament
reconstruction on patellofemoral contact pressures in the knee joint under simulated muscle
loads. Am J Sports Med 32:109-115.
19. Li G, Papannagari R, Nha KW, et al. 2007. The coupled motion of the femur and patella
during in vivo weightbearing knee flexion. J Biomech Eng 129:937-943.
20. Seisler AR, Sheehan FT. 2007. Normative three-dimensional patellofemoral and tibiofemoral
kinematics: a dynamic, in vivo study. IEEE Trans Biomed Eng 54:1333-1341.
21. Nunley RM, Wright D, Renner JB, et al. 2003. Gender Comparison of Patellar Tendon Tibial
Shaft Angle with Weight Bearing. Res Sports Med 11:173 -185.
Page 124 of 151
22. DeFrate LE, Sun H, Gill TJ, et al. 2004. In vivo tibiofemoral contact analysis using 3D MRI-
based knee models. J Biomech 37:1499-1504.
23. Van de Velde SK, Gill TJ, DeFrate LE, et al. 2008. The effect of anterior cruciate ligament
deficiency and reconstruction on the patellofemoral joint. Am J Sports Med 36:1150-1159.
24. Li G, DeFrate LE, Park SE, et al. 2005. In vivo articular cartilage contact kinematics of the
knee: an investigation using dual-orthogonal fluoroscopy and magnetic resonance image-based
computer models. Am J Sports Med 33:102-107.
25. Nha KW, Papannagari R, Gill TJ, et al. 2008. In vivo patellar tracking: clinical motions and
patellofemoral indices. J Orthop Res 26:1067-1074.
26. Mizuno Y, Kumagai M, Mattessich SM, et al. 2001. Q-angle influences tibiofemoral and
patellofemoral kinematics. J Orthop Res 19:834-840.
27. Ahmed AM, Duncan NA. 2000. Correlation of patellar tracking pattern with trochlear and
retropatellar surface topographies. J Biomech Eng 122:652-660.
28. Barink M, van de Groes S, Verdonschot N, de Waal Malefijt M. 2003. The trochlea is
bilinear and oriented medially. Clin Orthop Relat Res 411:288-295.
29. Mahfouz MR, Merkl BC, Fatah EE, et al. 2007. Automatic methods for characterization of
sexual dimorphism of adult femora: distal femur. Comput Meth Biomech Biomed Eng 10:447-
456.
30. Shih YF, Bull AM, Amis AA. 2004. The cartilaginous and osseous geometry of the femoral
trochlear groove. Knee Surg Sports Traumatol Arthrosc 12:300-306.
Page 125 of 151
Chapter 8 - Morphology of Male and Female Distal Femur
and Proximal Tibia
8.1 Introduction
Recently some TKA manufacturers have proposed gender specific implant designs to
accommodate morphological variations between male and female knees [1, 2]. In particular,
female knees have been shown to be narrower than male knees for the same anteroposterior
dimension, and to have a less prominent anterior femoral condyle [2-4]. However, certain aspects
of male and female knee anatomy have not been clearly delineated. With respect to the tibia,
prior studies have measured the tibial geometry following resection of the proximal tibia during
TKA surgery [4]. The level of the tibial resection (typically ~10 mm) affects the measured
dimensions, and therefore it is not clear if the un-resected dimensions of the tibia show similar
gender differences. With regards to the femur it is not clear how the narrower mediolateral width
of the female distal femur impacts the mediolateral widths of the medial and lateral posterior
femoral condyles and the femoral notch width.
Previous studies also suffer from several limitations with regards to characterization of
the complex trochlear groove geometry. These limitations include use of skyline views/2D
projections leading to projection artifacts, use of CT/radiographic images that do not include the
articular cartilage and characterization of trochlear geometry only at one specific location along
the trochlea [3, 5, 6]. In the native knee, trochlear groove geometry plays a major role in patellar
tracking [7]. Therefore, the study of trochlear groove geometry in male and female knees is
crucial to the understanding of the patellofemoral pathophysiology. In the TKA knee as well, the
trochlear groove geometry has major effect on patellar tracking [8, 9]. Non-physiologic forces
resulting from changes in patellofemoral motion can contribute to patellofemoral pain, patellar
component loosening and wear [8-10]. Therefore, knowledge of trochlear groove geometry in the
native male and female knees is also important for the design of total knee and patellofemoral
arthroplasty implants.
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To throw more light on the above discussed issues, detailed characterization of male and
female knee morphology was carried out as part of two studies. In study 1 the bony geometry of
the distal femur and proximal tibia including the geometry of the femoral trochlear groove was
characterized. In this study the trochlear geometry was characterized with the aid of skyline
views of the trochlea corresponding to different rotations of the femur around the femoral
epicondylar axis. In study 2, the cartilaginous geometry of the trochlea was investigated using a
novel technique involving automated creation and analysis of cross-sections of the anterior
femur. This allowed us to overcome the issue of projection artifacts, take into consideration the
articular cartilage, and to maximize measurement accuracy and repeatability.
8.2 Study 1 - Bony Geometry of Distal Femur and Proximal Tibia
8.2.1 Materials and Methods
8.2.1.1 Subject Recruitment
Twelve male and eleven female subjects were recruited for this study. The purpose of the
study was explained in detail to all of the subjects at the time of recruitment. Each subject signed
an informed consent for the study, which was approved by our institutional review board. The
average (and standard deviation) age of the male subjects was 33.0 A 7.3 years and average age
of the female subjects was 30.5 ± 11.2 years. There was no significant difference in the age of
male and female subjects (p = 0.52). Eleven of the knees were from the right leg and twelve were
from the left leg. All knees included in the study were healthy without symptoms of osteoarthritis
or soft tissue injury as verified via clinical examination and MR imaging. Criteria for exclusion
also included body mass index greater than 30.
8.2.1.2 Creation of 3D Knee Model
Magnetic resonance (MR) scan of each subject's healthy knee was obtained using a 1.5
Tesla magnet (General Electric, Waukesha, Wisconsin) and fat suppressed three-dimensional
spoiled gradient-recalled sequence [11]. During the scan, the subject was supine with his or her
knee in a relaxed and extended position. Parallel sagittal plane images were obtained (resolution
512 x 512 pixels) with a field of view of 180 x180 mm and spaced 1 mm apart. About 120
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images were obtained for each knee during a scan time of approximately 12 minutes. These
images were then segmented using a 3D modeling software (Rhinoceros, Robert McNeel and
Associates, Seattle WA) to construct 3D models of the knee, including the tibia and femur [11].
8.2.1.3 Morphology of Proximal Tibia and Distal Femur
The bony morphology of the proximal tibia and distal femur were measured by importing
the 3D MR image-based bone models into a solid modeling software (Rhinoceros, Robert
McNeel and Associates, Seattle WA).
To measure the anteroposterior and mediolateral dimensions of the tibia, a viewing plane
was set up perpendicular to the tibial long axis (Figure 8.1). The tibia was then rotated about its
long axis, such that the line joining the centers of the medial and lateral plateaus was horizontal.
The tibial mediolateral and anteroposterior span was then measured in the above defined viewing
plane. The anteroposterior dimensions of the medial and lateral tibial plateaus were measured
separately. The overall tibial anteroposterior dimension was defined as the average of the
anteroposterior widths of the medial and lateral tibial plateaus. To measure the femoral
anteroposterior and mediolateral dimensions, a viewing plane was setup perpendicular to the
femoral long axis (Figure 8.2). The femur was then rotated about its long axis so as to make the
line joining the posterior condyles horizontal. The anteroposterior and mediolateral spans of the
femur were then measured in the above defined viewing plane. The width of femoral notch and
the medial and lateral condyles was measured by first setting the viewing direction along the
femoral long axis. The femur was then rotated by 20* about the transepicondylar axis and a
horizontal line was drawn joining the posterior horns of the femoral notch (Figure 8.3). A
perpendicular line was then drawn from the apex of the notch to this horizontal line. The notch
width and the widths of the medial and lateral condyles were then measured at half the height of
this perpendicular line [12].
Measurements were made on the trochlear groove, including the height of the anterior
medial and lateral condyles, sulcus width, sulcus angle, lateral condylar angle and anterior
condylar angle (Figure 8.2 and Figure 8.4). These measurements were made in a plane
perpendicular to the femoral long axis. All linear measurements were made parallel to the
femoral transepicondylar axis. Additional measurements were also made with the femur rotated
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about the transepicondylar axis by 10' increments between 0' and 80'. These measurements are
listed in Table 8.1 and Table 8.2, although for brevity only measurements at 00, 300 and 600 of
femoral rotation are shown.
APMed AP
Figure 8.1: Morphological measurements of proximal tibia, including the anteroposterior
(AP) dimensions of the medial and lateral tibial plateaus, and tibial mediolateral (ML)
dimension (PC = plateau center).
Sulcus width. Sulcus angle
Femoral AP
Femoral ML :) i
Figure 8.2: Morphological measurements of distal femur, including the femoral
mediolateral (ML) dimension, femoral anteroposterior (AP) dimension, sulcus width and
sulcus angle. Sulcus width and sulcus angle were measured with femur rotated by different
amounts (0*- 800) about the transepicondylar axis (TEA).
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Figure 8.3: Measurement of femoral morphology including, femoral notch width (NW),
lateral condyle width (LCW) and medial condyle width (MCW). These measurements were
taken with femur rotated by 20* about the transepicondylar axis (TEA).
Lateral condylar
angleea . l .......... Anterior condylar
. ... . ..................... ........ .. ag l
Lateral condyle
height Medial condyle
height
--- TEA -------- - -  --- -
Figure 8.4: Measurements of trochlea morphology including, anterior lateral condyle
height, anterior medial condyle height, anterior condylar angle and lateral condylar angle.
These measurements were taken with femur rotated by different amounts (0*- 800) about
the transepicondylar axis (TEA).
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The mediolateral position of the trochlea and the coronal plane orientations of the
proximal and distal portions of the trochlea, were also measured. This was done by tracing the
lowest points on the trochlear groove and projecting these points onto the coronal plane of the
femur using a rollout projection. The rollout projection was used to preserve the length of the
trochlear groove [13] (Figure 8.5). A second order polynomial curve was fit to the projected
points to form the trochlear line. The slopes of the proximal and distal halves of the trochlear
line, relative to a line perpendicular to the transepicondylar axis, were measured to determine the
proximal and distal trochlear angles. A positive angular measurement indicated a medially
orientated trochlea. The mediolateral position of the trochlea was defined as the average
mediolateral distance between the trochlear line and the midpoint of the transepicondylar axis,
measured along the transepicondylar axis. A positive value indicated an overall medial position
of the trochlea.
a = Proximal trochlea angle
p = Distal trochlea angle
a
Lateral Medial
Troclear . TEA - - - - - - --
groove TEA
mid-point
Roll- out projection
Figure 8.5: Measurement of coronal plane orientation of trochlear groove. This
measurement was taken by tracing the lowest point on the trochlear groove and projecting
it onto the coronal plane using a roll-out projection. Orientation of the distal (a) and
proximal (P) trochlea were then measured with respect to a line perpendicular to the
transepicondylar axis (TEA).
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8.2.1.4 Statistical Methods
Two-tailed t-test for independent samples was used to compare the morphological
parameters of the proximal tibia and distal femur between the male and female knees. The level
of statistical significance was set at p < 0.05.
8.2.2 Results
The linear and angular measurements of the distal femur and proximal tibia for male and
female knees are shown in Table 8.1. The anteroposterior and mediolateral dimensions of the
proximal tibia and distal femur were significantly smaller in females compared to males (p <
0.01). The femoral notch width, medial condyle width, lateral condyle width and sulcus width
were also wider in males (p < 0.04). The height of the anterior medial condyle was significantly
smaller in females at 30', 400 and 50' of flexion (p 5 0.03). The height of the anterior lateral
condyle tended to be smaller for females, although no statistically significant difference was seen
between the genders (p > 0.20). The sulcus angle, anterior condylar angle and the lateral
condylar angle were also not significantly different between male and female knees (p > 0.18).
With regards to orientation of the trochlear groove, the average distal trochlear angle for
male knees was 1.7 ± 6.7' and for female knees was -0.6 ± 5.8*. No significant difference was
seen in the distal trochlear orientation between the male and female knees (p = 0.39). However,
the average proximal trochlear angle for female knees was 10.0 ± 6.4' and for male knees was
4.5 ± 6.20 (Figure 8.6). The proximal portion of the trochlear groove was oriented significantly
more medially in females compared to males (p = 0.04). The average mediolateral position of
trochlea in both male and female knees was slightly lateral (-3.0 ± 2.8 mm and -2.9 ± 2.1,
respectively) to midpoint of transepicondylar axis. There was no statistically significant
difference in the mediolateral position of the trochlea for male and female knees (p = 0.96).
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Table 8.1: Linear and angular morphological measurements of the distal femur and
proximal tibia for male and female knees (* = p <0.05). Values shown are mean ± standard
deviation for twelve male and eleven female knees. Diff = difference between male and
female knees.
Measurement
Tibial ML (mm)
Tibial AP (mm)
Tibial medial plateau AP (mm)
Tibial lateral plateau AP (mm)
Femoral ML (mm)
Femoral AP (mm)
Notch width (mm)
Med condyle width (MCW, mm)
Lat condyle width (LCW, mm)
Sulcus width (mm) at 00
Sulcus width (mm) at 30*
Sulcus width (mm) at 600
Anterior med condyle height (mm) at 00
Anterior med condyle height (mm) at 30*
Anterior med condyle height (mm) at 600
Anterior lat condyle height (mm) at 00
Anterior lat condyle height (mm) at 30*
Anterior lat condyle height (mm) at 600
Sulcus angle (0) at 00
Sulcus angle (0) at 300
Sulcus angle (0) at 600
Anterior condylar angle (0) at 00
Anterior condylar angle (0) at 300
Anterior condylar angle (0) at 600
Lat condylar angle (0) at 00
Lat condylar angle (0) at 30*
Lat condylar angle (*) at 600
Proximal trochlea Ang (0)
Distal trochlea Ang (0)
Trochlea ML position (mm)
Male [Mean ± Std]
80.7 ± 3.9
45.0 ± 3.3
46.4 ± 2.6
43.7 ± 4.4
88. 6 ±4.7
68.0 ± 3.8
20.3 ± 2.6
30.1 ± 1.5
32.7 ± 2.1
38.6 ± 3.8
39.5 ± 3.2
41.0 ± 4.2
3.8 ± 1.7
7.5 ± 2.0
8.1 ± 1.9
8.2 ± 2.0
7.4 ± 1.9
4.9 ± 1.4
147.7 ± 6.4
138.6 ± 6.1
145.9 ± 4.5
6.5 ± 3.81
-0.1 ± 3.5
-4.2 ± 3.7
19.1 ± 3.6
18.2 ± 3.2
13.8 ± 3.5
2.0 ± 4.1
1.2 ±4.3
-3.0 ± 2.8
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Female [Mean Std]
69.1 ± 3.6
39.6 ± 1.9
41.4 ± 1.5
37.8 ± 2.7
77.1 ± 3.9
60.3 ± 2.2
17.8 ± 2.9
26.4 ± 1.8
27.0 ± 1.8
32.2 ± 2.6
32.0 ± 1.7
33.4 ± 2.2
3.2 ± 1.2
5.9 ± 1.3
6.7 ± 1.8
7.3 ± 1.0
6.7 ± 1.2
4.5 ± 1.1
144.8 ± 3.5
137.2 ± 4.3
144.8 ± 4.0
7.2 ± 3.2
1.6 ± 3.6
-3.1 ± 3.6
20.0 ± 3.6
20.0 ± 3.0
14.6 ± 3.0
5.8 ± 4.2
0.8 ± 4.4
-2.9 ± 2.1
Diff = M - F
11.6
5.4
4.9
5.8
11.5
7.6
2.6
3.8
5.6
6.4
7.5
7.6
0.64
1.65
1.46
0.89
0.71
0.39
2.9
1.4
1.1
-0.65
-1.76
-1.07
-0.89
-1.80
-0.80
-3.8
0.4
-0.05
P-value
< 0.01*
< 0.01*
< 0.01*
< 0.01*
< 0.01*
< 0.01*
0.04*
< 0.01*
< 0.01*
< 0.01*
< 0.01*
< 0.01*
0.30
0.03*
0.07
0.20
0.30
0.47
0.20
0.53
0.55
0.67
0.25
0.49
0.56
0.18
0.57
0.04*
0.81
0.96
10.0 ± 6.40
Lateral Medial
. TEA - .... . --. .....--...... .................
Figure 8.6: Coronal plane orientation of proximal portion of the femoral trochlea in male
(M) and female (F) knees.
Table 8.2 shows the normalized linear measurements of the distal femur and proximal
tibia for male and female knees. No gender differences were seen in tibial ML/AP and femoral
ML/AP ratios (p = 0.27, 0.21). When normalized by was tibial mediolateral size, no difference
was seen in anteroposterior size of lateral tibial plateau between males and females (p = 0.27).
However, the medial tibial plateau was larger in females (0.60 ± 0.03 vs. 0.57 ± 0.02, p = 0.03).
When normalized by femoral anteroposterior dimension, no gender difference was seen in the
width of the femoral notch and medial condyle. However, the lateral femoral condyle and
femoral sulcus were narrower in females. For the same femoral anteroposterior dimension, the
sulcus in female knees was narrower than male knees at 200, 300, 400 and 600 flexion (p <
0.045). No significant gender difference existed in the heights of the anterior medial and lateral
condyles normalized by femoral anteroposterior dimension (p ;> 0.13). The mediolateral position
of the trochlea normalized by femoral anteroposterior size was lateral to the midpoint of the
transepicondylar axis in both male and female knees (p = 0.77).
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Table 8.2: Normalized linear morphological measurements of the distal femur and
proximal tibia for male and female knees (* = p <0.05). Values shown are mean ± standard
deviation for twelve male and eleven female knees. Diff = difference between male and
female knees.
Measurement
Tibial medial plateau AP / tib ML
Tibial lateral plateau AP / tib ML
Tibial ML / AP
Femoral ML/AP
Notch width / fem AP
MCW /fem AP
LCW / fem AP
Sulcus width/ fem AP at 00
Sulcus width/ fem AP at 30*
Sulcus width/ fem AP at 600
Anterior med condyle height/ fem AP at 00
Anterior med condyle height/ fem AP at 30*
Anterior med condyle height/ fern AP at 600
Anterior lat condyle height/ fem AP at 0*
Anterior lat condyle height/ fem AP at 300
Anterior lat condyle height/ fem AP at 60*
Trochlea ML position / fem AP
Male [Mean ± Std]
0.57 ±0.02
0.54 ± 0.05
1.80 ± 0.1
1.30 ± 0.05
0.30 0.05
0.44 0.02
0.48 0.02
0.57 0.07
0.58 ±0.06
0.61 ± 0.07
0.057 0.026
0.111 ± 0.031
0.120 ± 0.031
0.120 ± 0.028
0.109 ± 0.026
0.073 ± 0.022
-0.04 ± 0.04
Female [Mean ± Std]
0.60 ± 0.03
0.55 ± 0.05
1.75 ± 0.1
1.28 0.05
0.29 0.05
0.44 ± 0.03
0.45 0.03
0.53 0.04
0.53 0.02
0.55 ± 0.04
0.053 0.020
0.097 ± 0.021
0.110 0.029
0.121 ± 0.017
0.111 ±0.021
0.075 0.019
-0.05 ± 0.04
8.3 Study 2 - Cartilaginous Geometry of the Trochlear Groove
8.3.1 Materials & Methods
Eighteen male (age 31.2 ± 11.0 yrs) and thirteen female (29.8 : 9.9 yrs) subjects were
recruited for this study following IRB approval. MR scans (1mm spacing) of each subjects' knee
were obtained using 3.OT magnet, and segmented to create 3D models of the femur including the
articular cartilage and bone. A custom Visual Basic script was then used to create cutting planes
through the anterior portion of the femur, spanning the most proximal to the most distal extent of
the articular cartilage (Figure 8.7). The cutting planes were rotated about the femoral
transepicondylar axis (TEA) in -1 increments to create 80 cross-sections. Points representing
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Diff = M - F
-0.03
-0.01
0.05
0.03
0.01
0.01
0.03
0.04
0.05
0.05
0.004
0.014
0.010
-0.001
-0.002
-0.002
0.01
P-value
0.03*
0.27
0.27
0.21
0.76
0.54
< 0.01*
0.13
0.01*
0.045*
0.68
0.23
0.44
0.94
0.82
0.78
0.77
intersection of the cutting planes and the femur were then exported to a MATLABTM script. A
smoothing spline was fit to points corresponding to each cross-section, and used to identify the
deepest point of the trochlear groove (sulcus) and the highest points on the anterior medial/lateral
condyles (Figure 8.8). Corresponding to each cross-section, the mediolateral location and
anteroposterior height of the trochlear sulcus, medial and lateral condylar angles, sulcus angle,
and heights of the anterior medial and lateral condyles were measured (Figure 8.8). Additionally,
a circle was fit to the trochlear groove in the sagittal plane of the femur and the radius of this
circle was defined as the sagittal plane radius of the trochlear groove (Figure 8.9). The measured
parameters were compared between male and female knees using t-test for independent samples
with significance level as p:5 0.05.
Proximal point
- BoneCutting
plane ~~~Y' L~
Cartilage
Distal point
Figure 8.7: MR based 3D knee model sectioned using cutting-planes rotated about TEA (0
= orientation of cutting plane).
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LCADeepest point
MCA
Cartilage Bone
TEA Mid- point
Figure 8.8: Morphological parameters measured for each cross-section of anterior knee
using MATLAB based script. MCA = Medial condylar angle, LCA = Lateral condylar
angle
Figure 8.9: Sagittal plane radius of trochlear groove.
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8.3.2 Results
The measured parameters changed substantially from proximal (0 = 00) to distal extent of
the anterior femur (Omax = 81.7 ± 3.60), with the trochlear groove discernible for 0 > 200 (0 =
orientation of femoral cutting plane, Figure 8.7). Male and female knees showed similar values
of medial and lateral condylar angles at all measured locations on the trochlear groove (p > 0.113
and p > 0.104, Figure 8.10). Similarly, sulcus angle showed no differences between the genders
(p> 0.065, Figure 8.11). On average females had smaller trochlear groove radius compared to
males, although difference between genders was not statistically significant (22.2 ± 2.5mm vs.
20.8 ± 2.1mm, p = 0.1). When normalized by femoral anteroposterior size, marginally significant
difference was noted between male and female trochlear groove radius (0.329 ± 0.029 vs. 0.349
± 0.028, p = 0.05). Male and female knees also showed similar mediolateral location of trochlear
sulcus, with no significant differences between the genders before (p > 0.096) and after
normalization by femoral mediolateral size (Figure 8.12, p > 0.25). While lateral condyle height
was similar for male and female knees at all measured locations (p > 0.086, Figure 8.13A),
females had significantly smaller medial condyle height between 0 = 48.8 % to 100 % (Figure
8.13B). However, upon normalization by femoral anteroposterior size neither medial nor lateral
condyle heights showed any significant gender difference (Figure 8.14). At all measured
locations on the trochlear groove, females had smaller sulcus width compared to males (p <
0.002, Figure 8.15). Upon normalization by femoral mediolateral size, females had smaller
sulcus width between 0 = 31.25 % to 56.25 % (p < 0.035, Figure 8.15).
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Figure 8.10: (A) Medial and (B) Lateral condylar angles at different locations along the
trochlear groove in male and female knees. Trochlear groove definable only for 0 >200.
Page 139 of 151
emax = 82*
25 -
20 -
15 -
10 -
5- ( = 20*
100
35 -
30 -
25 -
20 -
15-
10 -
5-
0OM
0
1
0U
*0
.j 0 = 20*
170-
- Male
+ Femaleo 160 -
150 -
C 140-
0 = 200
Omax = 82*
130
20 40 60 80 100
I0max (%)
Figure 8.11: Sulcus angle at different locations along the trochlear groove in male and
female knees. Trochlear groove definable only for 0 > 200.
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Figure 8.12: (A) Mediolateral sulcus location and (B) Mediolateral sulcus location
normalized by femoral mediolateral size, in male and female knees as different locations
along the trochlear groove. Trochlear groove definable only for 0 > 200.
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Figure 8.13: (A) Medial and (B) Lateral condyle heights in
different locations along the trochlear groove. Trochlear groove
male and female knees as
definable only for 0 > 20*.
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Figure 8.14: (A) Medial and (B) Lateral condyle heights normalized by femoral
anteroposterior size in male and female knees as different locations along the trochlear
groove. Trochlear groove definable only for 0 > 20*.
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Figure 8.15: (A) Sulcus width, and (B) Sulcus width normalized by femoral anteroposterior
height in male and female knees as different locations along the trochlear groove.
Trochlear groove definable only for 0 > 200.
8.4 Discussion
Results of the morphological studies showed that in general female knees had smaller
anteroposterior and mediolateral dimensions of the proximal tibia and distal femur. This is in
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agreement with previous reports [3, 14, 15]. These prior reports also noted significant differences
in femoral ML/AP ratios (1.27-1.34 males vs. 1.23-1.30 females, p < 0.01) and tibial ML/AP
ratios, which were not seen in the current study (1.30 vs. 1.28, p = 0.21). A possible cause of this
disagreement is the difference in sample size between the current (23 subjects) and previous
studies (100-200 subjects). Another possible reason might be the differences in measurement
methodology. Chin et al. [14] and Hitt et al. [4] made measurements during TKA surgery after
the bone cuts were made, Poilvache et al. [15] measured ratio of the femoral transepicondylar
width to the average anteroposterior widths of the medial and lateral condyles, and Mahfouz et
al. [3] measured ratio of the transepicondylar width to overall anteroposterior width of the distal
femur. In contrast, the present study measured the unresected tibial and femoral dimensions.
Furthermore in the present study the femoral mediolateral and anteroposterior widths were
measured parallel and perpendicular to posterior condylar line, respectively.
The femoral notch width in females was significantly smaller compared to males. This
agrees with results of Shelbourne et al., who also hypothesized a smaller femoral notch size as
being a risk factor for ACL injury [12]. However, femoral notch width index and femoral notch
width normalized by femoral anteroposterior size did not show any gender difference. In general
results regarding gender differences in femoral notch width index have been conflicting, with
some studies showing significant difference between genders [16], while others studies showing
no difference [17,18]. This indicates that the notch width index is not a reliable indicator of
increased ACL injury risk in females.
Female knees also showed smaller sulcus width, medial condyle width and lateral
condyle width. When normalized by femoral anteroposterior size, sulcus width and lateral
condyle width were smaller in females. This could be related to the smaller femoral ML/AP
ratios reported for female knees. This study did not find significant gender differences in
mediolateral position of the trochlea, anterior lateral condyle height and anterior lateral condyle
height to femoral AP ratio. This agrees with the results of the study done by Mahfouz et al. [3].
Anterior medial condyle height was found to be smaller in females similar to results of Mahfouz
et al. [3] and Poilvache et al. [15]. However, no significant gender differences in anterior medial
condyle height to femoral AP ratio and anterior condylar angle were noted in the present study.
In contrast, Mahfouz et al. noted small burt significant differences in these parameters between
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the male and female knees. This discrepancy could result from differences in sample size
between their and our studies (100 subjects vs. 23 subjects).
The trochlea was found to have a bilinear orientation in the coronal plane with an overall
medial orientation consistent with previous reports in literature [13, 19, 20]. This also explains
the lateral patellar translation with knee flexion, once the patella engages the femoral trochlea
[13, 19, 21]. However, conflicting results were found regarding trochlear groove orientation in
male and female knees. While, measurement of the bony morphology indicated more medial
orientation of the proximal trochlea in females, no differences were found for the cartilaginous
measurements. Nonetheless, the data showing overall medial orientation of the trochlear groove
and possibly more medially orientated trochlea in females contradicts the perception of a more
lateral trochlea in females, based on greater Q angle of female knees [2, 22]. Furthermore, TKA
components have an overall laterally oriented trochlea that is different from its anatomic medial
orientation.
A limitation of this study is the smaller sample size compared to some previous
morphological studies [3, 4, 14]. This may explain some of the morphological differences
reported in those studies, which were not seen to be statistically significant in the current study.
Overall, majority of the measured morphological parameters were similar between male and
female knees particularly upon normalization for differences in knee size. The only consistent
gender difference was the smaller femoral ML to AP aspect ratio, which manifested as smaller
sulcus width to femoral AP ratio and smaller lateral condyle width to femoral AP ratio. Overall
the trochlea in both male and female knees was oriented medially, showing that the laterally
oriented trochlea in current TKA designs is not anatomic.
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Chapter 9 - Conclusions
The first goal of this thesis was to quantify the ability of current TKA systems to restore
normal knee biomechanics, in order to identify the areas for future design improvements. With
regards to the patellofemoral joint it was hypothesized that significant changes in patellar
tracking post-TKA reported in several in vitro studies were likely a result of differences in the
geometry of the TKA and native trochlear groove. To test this hypothesis, and to estimate the
changes in in vivo patellar tracking post-TKA, the first question asked was, how does in vivo
patellar tracking correlate with geometry of the trochlea? The results of this study showed strong
correlation between transverse plane geometry of the trochlear groove (mediolateral location of
trochlear sulcus and trochlear bisector angle) and transverse plane motion of the patellar (patellar
shift and tilt). However, in the coronal plane patellar rotation was poorly correlated to its
matching geometric parameter, namely the coronal plane angle of the trochlea.
Next, a detailed comparison of the 3D geometry of the trochlear groove in normal and
TKA knees was conducted. The results showed that for the particular implant designs
investigated (NexGen CR and LPS, Zimmer Inc); (1) external rotation of the component brought
the trochlear groove closer to the normal anatomy than no external rotation; (2) however, even
with external rotation the trochlear groove in the current TKA only partially restored normal
anatomy. This suggests that current TKA may not be designed to fully restore or replicate normal
trochlear anatomy, and other considerations such as minimizing patellofemoral contact forces,
and ensuring capture of patella in early flexion, may guide the design decisions. The differences
in the geometry of TKA and normal trochlear groove, could explain why several prior studies
found that contemporary TKA systems do not fully restore physiologic patellar tracking.
Additionally, based on the correlation between patellar tracking and trochlear geometry in
normal knees, it was estimated that with the current TKA system patellar shift would change by
0.6 - 3.5 mm and patellar tilt would change by 0.5 - 2.60 post-TKA compared to normal values,
during full range of knee flexion.
The tibiofemoral joint was considered next, and the ability of current TKA system (CR-
Flex, Zimmer Inc.) in restoring the six degree-of-freedom (DOF) weight-bearing kinematics of
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knees with medial compartment OA towards normal was quantified. The data indicated that the
OA knees were similar to the normal knees in terms of internal/external tibial rotation during the
weight-bearing knee flexion. However, the OA knees had less posterior femoral translation,
more medial femoral shift, and more varus rotation at low flexion angles, compared to the
normal knees. After TKA, though the preoperative varus deformity was corrected, the knee
kinematics could not be restored towards normal. The internal tibial rotation and posterior
femoral translation were dramatically reduced when compared to the OA and normal knees.
Additionally, TKA introduced an abnormal anterior femoral translation during early knee
flexion, and considerable lateral femoral shift throughout the weight-bearing flexion.
Increasing the range of knee flexion following total knee arthroplasty (TKA) remains an
important objective for design of new implants and advancement of surgical techniques.
Extensor mechanism overstretching due to overstuffing of the knee joint is hypothesized to be a
contributing factor limiting knee flexion. Therefore, the changes in in vivo tibiofemoral joint
space post-TKA were also investigated. The results showed that the post-operative tibiofemoral
separations were larger than the pre-operative values at all flexion angles. The increase in joint
space at low flexion angles was expected since the pre-operative knees suffered from severe joint
space narrowing. In fact, post surgery little difference in joint space was seen between TKA and
normal knees for flexion angles below 75'. However, for flexion angle above 75*, the
tibiofemoral joint space in the TKA knees were greater than in normal knees, and the difference
continued to increase to a maximum of 3.2 mm at 105' flexion, which was the maximum flexion
that most TKA patients could reach. This increase in joint space indicates that the knee may be
overstuffed after TKA and this could in part be responsible for the limited post-operative range
of knee flexion.
Recently, proposals for gender-specific TKA implants have generated much controversy,
with little scientific information being available to support or refute the need for such implants.
Therefore, a second goal of this thesis was to investigate similarities and differences between
male and female knee motion and knee anatomy. The results of the studies presented herein
showed that majority of the tibiofemoral and all patellofemoral kinematics parameters were
similar between male and female knees. However, females had more externally rotated tibia at
Page 150 of 151
low flexion angles and greater range of tibial internal-external rotation between 0' and 1200
flexion. This difference in tibiofemoral rotation was also associated with more medially oriented
patellar tendon in the coronal plane and more externally twisted patellar tendon in the transverse
plane. Females also showed more anterior patellar tendon orientation in the sagittal plane.
The justification for gender-specific TKA has been primarily based on certain
morphological variations between male and female knees. Two separate studies were conducted
as part of the thesis to address limitations of prior investigations. The results of these studies
showed that overall, majority of the measured morphological parameters were similar between
male and female knees particularly upon normalization for differences in knee size. The only
consistent gender difference was the smaller femoral ML to AP aspect ratio in females, which
manifested as smaller sulcus width to femoral AP ratio and smaller lateral condyle width to
femoral AP ratio. Overall the trochlea in both male and female knees was oriented medially,
showing that the laterally oriented trochlea in current TKA designs is not anatomic.
In conclusion, a few gender-related differences were noted in kinematic and
morphological parameters of the knee. However, these differences are relatively subtle when
considering the differences between the geometry and motion of current TKA systems and the
average normal knee (male and female combined). Therefore, the focus for future TKA designs
should be first on restoring average normal knee biomechanics, in particular normal patellar
tracking, normal tibiofemoral kinematics and normal tibiofemoral joint space. Until this is
achieved, it is reasonable to conclude that a greater range of implant sizes may be desirable to
accommodate morphological variations in the widths of male and female knees.
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